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ABSTRACT
Gonadotropin-releasing hormone (GnRH) neurons are the final output neurons of a hypothalamic
network controlling fertility in mammals. They release GnRH from axon terminals into the portal
blood circulation of the pituitary, where GnRH triggers the secretion of luteinizing and follicle
stimulating hormones. GnRH neuron anatomy, morphology and physiology have been studied
extensively at the levels of the cell bodies and dendrites in the basal forebrain and axons in the median
eminence. However little is known about the subcellular origin of the axon and the physiological role
of the dense GnRH fiber innervation of the organum vasculosum of the lamina terminalis (OVLT).
Using a cell-filling approach in acute brain slices from GnRH-green fluorescent protein mice, GnRH
neuron morphology was analyzed with a confocal microscope. The vast majority (83%) of GnRH
neurons were found to extend long dendrites in the direction of the median eminence. When these
dendrites were analyzed in a novel brain slice preparation that keeps GnRH neuron projections to the
median eminence intact, dendrites were observed to innervate the median eminence and elaborate
hypophysiotropic terminals. This projection received continuous synaptic input as indicated by the
presence of spines and VAMP2-positive appositions. Moreover, analysis of the position of the action
potential-generating initial segment using the marker Ankyrin G, revealed that GnRH neurons exhibit
initial segments in one of their dendrites in >80% of cases. This suggests that the long GnRH neuron
dendrite has both dendritic and axonal functions and that this unique structure, termed the “dendron”,
necessitates a considerable revision of how GnRH neurons integrate inputs and regulate GnRH release
at the median eminence.
Cell-filling of GnRH neurons with cell bodies located near the OVLT revealed that, unlike other
GnRH neurons in the preoptic area, these neurons elaborate complex, highly branched dendritic trees
which specifically target the OVLT. Dendritic identity was confirmed morphologically at the light and
electron microscopic level and functionally by electrophysiological recordings of the response to
glutamate. Further, these dendrites were shown to reside outside the blood-brain barrier and belong to
GnRH neurons involved in the generation of the GnRH/LH surge. This suggests that GnRH neuron
activity, and hence fertility, may be directly modulated by blood-borne factors. While kisspeptin
puffed onto dendrites in the OVLT was found to activate GnRH neurons, luteinizing hormone did not
exert feedback actions at this site and no evidence was found for a role of OVLT-GnRH neurons in the
suppression of fertility during systemic infection. In summary, work in this thesis has re-defined the
morphology of the GnRH neuron by showing that the dendrites of GnRH neurons target highly
vascularized regions outside the blood-brain barrier. Most importantly, the work demonstrates that the
long hypophysiotropic projections of GnRH neurons to the median eminence are, in fact, dendritic in
nature.
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1CHAPTER I
INTRODUCTION
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INTRODUCTION

1.1 THE GNRH NEURON NETWORK AND FERTILITY
The gonadotropin-releasing hormone (GnRH) neurons form a hypothalamic network which is the
central regulator of fertility in all mammals. GnRH is released by nerve terminals into the portal blood
circulation of the pituitary gland, where it stimulates the secretion of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). These two hormones in turn regulate ovulation in the ovaries and
spermatogenesis in the testes, respectively, and stimulate the production of the sex hormones estrogen
and testosterone.
The secretion of GnRH into the blood occurs in a highly synchronized pulsatile manner (Fig. 1-1). In
the female, on the day of proestrus, GnRH release is dramatically elevated in a so-called GnRH surge,
which triggers the preovulatory LH (and FSH) surge. This is the final stimulus for ovulation, a
keystone of fertility. It is at the level of the GnRH neuron, where internal and external homeostatic
stimuli are integrated to achieve levels of fertility appropriate to the organism.

Fig. 1-1: Schematic of GnRH and LH serum concentrations during the estrous cycle of the mouse.
Serum profiles of LH and FSH closely follow the pattern of GnRH secretion. The hormones are released in a
pulsatile fashion on the days of diestrus and metestrus. On the day of proestrus the pulse frequency increases and
terminates in the preovulatory surge. Normal pulsatility resumes on the day of estrus.
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1.2 ANATOMY OF THE GNRH NEURON NETWORK
1.2.1 Cell Bodies
GnRH neurons are unique in that they are born in the olfactory placode in the nose and subsequently
migrate into the brain to their final destination in the basal forebrain and hypothalamus (SchwanzelFukuda and Pfaff, 1989; Wray et al., 1989b). In mice, the first GnRH neurons start to migrate at
embryonic day 11 and reach adult-like positions by embryonic day 16.5 (Wray et al., 1989b). Once in
the olfactory bulb they migrate along peripherin-positive olfactory neuron axons originating from the
accessory olfactory bulb which form the nervus terminalis (Wray et al., 1994). This pathway, at least
in mice, leads caudally into the developing hypothalamus. GnRH neurons migrate mainly into the
nuclei of the medial septum (MS), vertical limb of the diagonal band of Broca (VDBB), preoptic area
(POA) and anterior hypothalamic area (AHA), where they comprise the major populations in the adult
mouse (Naik, 1975; Hoffman et al., 1978; Hoffman et al., 1982). The highest concentration of GnRH
neurons is in the VDBB and POA, which are commonly referred to as the rostral preoptic area
(rPOA); MS and AHA contain relatively fewer GnRH neurons. Probably as a result of the long
distance migration, GnRH neuron cell bodies are scattered along the entire migratory pathway and
generate a continuum with no clear nuclear boundaries which stretches from the olfactory bulb
(Jennes, 1986; Rosser et al., 1986; Garcia et al., 1987; Jennes, 1987; Schwanzel-Fukuda et al., 1987)
to the median eminence (ME) in the mediobasal hypothalamus (Fig. 1-2) (Schwanzel-Fukuda et al.,
1987). Due to the overall small number of GnRH neurons (700-800 in the adult mouse) (Hoffman and
Finch, 1986; Wray et al., 1989a; Herbison et al., 2008) the distances between individual neurons are
rather large, but small clusters of GnRH neurons are frequently observed. When viewed in coronal
sections, GnRH neurons in the MS and rPOA are arranged in a characteristic “inverted Y” pattern
(Fig. 1-2 a, b). The two lower limbs of the Y then extend further caudal and comprise the AHA
population of GnRH neurons on either side of the third ventricle (Fig. 1-2 c).
In addition to the described populations, individual “ectopic” GnRH neurons can be observed in other
brain areas as well. Some of these cells are occasionally found associated with the margin of the
corpus callosum and in the cerebral cortex. A second group may be found scattered between the
triangular nucleus of the septum and the hippocampus (Witkin et al., 1982; Merchenthaler et al.,
1984). The number of these neurons is only a very small fraction of the total GnRH neuron population.
The role of these extrahypothalamic neurons is unclear and may represent a few cases of mismigration
into wrong areas. This is suggested by studies of Deleted in Colorectal Cancer and Netrin-1 knockout
mice, in which many GnRH neurons migrate into the cerebral cortex (Schwarting et al., 2001;
Schwarting et al., 2004).
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Fig. 1-2: Position of GnRH neuron somata in the mouse brain.
Schematic of a sagittal section through the forebrain of the mouse. The upper right inset shows the entire brain
and the area shaded in gray outlines the part shown in more detail. GnRH neuron somata are represented by
black dots. Some GnRH neurons are scattered along the nervus terminalis in the olfactory bulb and in the
ganglion terminale. The majority of GnRH neurons reside in the medial septum (MS, green), rostral preoptic
area (rPOA, purple) and anterior hypothalamic area (AHA, blue). A few GnRH neurons in the mouse migrate
beyond the AHA and are located adjacent to the main projection area, the median eminence (ME, red). Lines a, b
and c indicate planes of coronal schematics shown in panels a-c.
a) Schematic of a coronal section through the MS and most rostral portion of the rPOA, the vertical limb of the
diagonal band of Broca (vdbb). The GnRH neuron somata are arranged in an “inverted Y” pattern.
b) Coronal section through the MS and rPOA at the level of the organum vasculosum of the lamina terminalis
(OVLT) where the highest density of GnRH neurons is observed.
c) Section through the hypothalamus with GnRH neuron somata located in the ventral aspect of the AHA just
dorsal of the optic tract (ot).
ac anterior commissure; cc corpus callosum; f fornix; ic internal capsule; ot optic tract; 3V third ventricle. Panels
modified from (Paxinos and Franklin, 2001).
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The anatomy described above and in Fig. 1-2 depicts the situation in the mouse, which is the model
organism examined in this thesis. In all mammalian species including the human the GnRH neuron
somata are distributed among paramedial hypothalamic nuclei as a result of their migration into the
brain from the olfactory placode, but the regions of highest concentration vary slightly. In the guinea
pig, sheep and rat, GnRH neurons are located similar to the mouse (Barry et al., 1973; Barry, 1979;
Burchanowski and Sternberger, 1980; Lehman et al., 1986; Garcia et al., 1987; Jennes, 1987;
Schwanzel-Fukuda et al., 1987), however the caudal extent of the rat GnRH neurons is shifted more
rostrally and virtually no GnRH neurons can be observed at the level of the ME (Setalo et al., 1976;
Kawano and Daikoku, 1981; Bennett-Clarke and Joseph, 1982; King et al., 1982; Witkin et al., 1982;
Merchenthaler et al., 1984). In most other species the GnRH neurons concentrate more caudally in the
mediobasal hypothalamus. In dogs the network extends into the premammillary complex (Barry and
Dubois, 1975), whereas in rabbits, monkeys and humans GnRH neurons can be observed as far caudal
as the mammillary bodies (Barry, 1976b, a, 1979; King and Anthony, 1984). Overall, there are some
species differences in GnRH neuron distribution, however they all originate from the olfactory placode
and share a surprisingly similar morphology which is described in further detail in Section 1.3.
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1.2.2 Projection Areas
GnRH neurons have extensive projections throughout the brain, but most fibers reside in the
hypothalamus where the two main projection areas, the organum vasculosum of the lamina terminalis
(OVLT) and ME are situated. In the past, the projections in the ME have received a lot of attention
and, as a result, knowledge about this area is most comprehensive. The OVLT however, despite its
dense innervation in many species, remains a conundrum and even less is known about
extrahypothalamic fibers. Fig. 1-3 shows a schematic overview of most of the GnRH neuron
projections.

Fig. 1-3: Projections of GnRH neurons.
Sagittal schematic of the distribution of GnRH neuron projections throughout the rat brain. Some areas which
would normally be outside (lateral) of this section have been projected at their respective position. Very lateral
areas such as the amygdala, piriform cortex, etc. are not shown. ac, anterior commissure; AHA, anterior
hypothalamic area; AOB, accessory olfactory bulb; APo, area postrema; cc, corpus callosum; CGP, central gray
of the pons; Hip, hippocampus; IPN, interpeduncular nucleus; MB, mammillary body; ME, median eminence;
mHab, medial habenula; MOT, medial olfactory tract; MS, medial septum; NT, nervus terminalis; OVLT,
organum vasculosum of the lamina terminalis; ot, optic tract; PAG, periaqueductal gray; raphe, raphe nuclei;
rPOA, rostral preoptic area; SC, superior colliculus; SCO, subcommissural organ; SFO, subfornical organ. After
(Witkin et al., 1982; Merchenthaler et al., 1984), modified from (Paxinos and Franklin, 2001).
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Median Eminence
It is well established that GnRH neurons regulate secretion of pituitary gonadotropins through GnRH
release in the ME into the portal blood. This section of the Introduction covers the anatomy of the
fiber tracts from the somata to the ME. The (ultra-) structure of the terminals in the ME and details
about the release mechanism are described in Section 1.3.5.

Fig. 1-4: GnRH neuron projections at the level of the ME.
Coronal section through the arcuate nucleus/ME region with GnRH neuron axons labeled in black. The fibers
approach the ME through the periventricular (radiating ventrolaterally into the ME) or laterobasal pathway
(fibers parallel to ventral surface of the brain). Laterobasal axons mainly terminate in the lateral zone (blue),
whereas periventricular fibers course through the internal zone (yellow) and then radiate out into the external
zone (pink). Portal blood vessels run along the ventral margins of the lateral and external zone. 3V third
ventricle.

Two main fiber tracts have been described in the rat and mouse which contain axons connecting
GnRH neuron somata in the MS, rPOA and AHA with the ME. The mediobasal or periventricular
pathway originates at the level of the OVLT and is made up of fibers from septal and preoptic GnRH
neurons close to the midline. The axons often project through the OVLT and then fan out and course
caudally close to the ventricular surface and frequently in between ependymal cells. Further
posteriorly they become restricted to the lower third of the ventricle and then typically radiate
ventrally and laterally into the ME at the level of the arcuate nucleus (Fig. 1-4) (Burchanowski and
Sternberger, 1980; Kawano and Daikoku, 1981; Bennett-Clarke and Joseph, 1982; King et al., 1982;
Witkin et al., 1982). A minor portion of this pathway, sometimes referred to as the tractus
7
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infundibularis, runs through the floor of the third ventricle and enters the ME at the level of the rostral
arcuate nucleus (Bennett-Clarke and Joseph, 1982). Within the ME, fibers course through the internal
zone, frequently give rise to collaterals and terminate in the external zone close to blood vessels (Fig.
1-4) (Barry et al., 1973; Kawano and Daikoku, 1981; King et al., 1982). The periventricular pathway
appears to be a major contributor of GnRH peptide to the ME, as focal lesion studies in the OVLT
dramatically reduce GnRH content in the ME (Samson and McCann, 1979), however this remains
debatable since periventricular medial knife cuts were less effective than lateral ones in another study
(Jew et al., 1984).
The laterobasal pathway is mainly fed by axons originating from the more lateral GnRH neurons in
the rPOA and AHA and is continuous with the caudal branches of the GnRH neuron continuum. These
fibers run along the ventral and medial edges of the medial forebrain bundle, parallel to the optic tract,
and then turn medial at the level of the ventromedial nucleus of the hypothalamus to enter the ME
(Burchanowski and Sternberger, 1980; Kawano and Daikoku, 1981; Bennett-Clarke and Joseph, 1982;
King et al., 1982; Witkin et al., 1982). In the arcuate nucleus, the fibers often give rise to collaterals
and terminate mostly in the lateral zone of the ME (Fig. 1-4) (Barry et al., 1973; Kawano and
Daikoku, 1981; Bennett-Clarke and Joseph, 1982; King et al., 1982).

OVLT
In the mouse and rat the OVLT is the area with the second highest density of GnRH neuron fibers
(King et al., 1982). These axons originate primarily from midline GnRH neurons in the MS and rPOA,
and to a smaller extent from more lateral and caudal groups (Burchanowski et al., 1979; BennettClarke and Joseph, 1982; King et al., 1982; Witkin et al., 1982). It appears that a large number of
GnRH neuron fibers terminate in the OVLT, however numerous fibers exit the OVLT
periventricularly and innervate the ME via the periventricular pathway (Samson and McCann, 1979;
Bennett-Clarke and Joseph, 1982). It remains unclear whether the exiting fibers simply pass through
the OVLT or are collaterals of OVLT projections or both. Within the OVLT, the fibers are juxtaposed
to a dense vascular network (Zimmerman et al., 1974; Pelletier et al., 1976; Pelletier et al., 1977; King
et al., 1982). In the past this has led to suggestions that GnRH may be released into the blood within
the OVLT (Naik, 1976; Okon and Koch, 1977; Barry, 1979), however a direct connection to the
hypophyseal system has been rejected for the rat and human (Duvernoy et al., 1969; Wenger and
Aros, 1971). This indicates that hypophysiotropic actions of GnRH released at the OVLT are unlikely.
In brief, GnRH neurons densely innervate the vasculature of the OVLT, but the role of this remains
unclear.
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Additional Hypothalamic Projections
In addition to the main projections to ME and OVLT GnRH neurons also innervate several neuronal
populations within the hypothalamus. This suggests that GnRH modulates these neurons as a
neurotransmitter. Electron microscopic studies in the 1980s occasionally observed presynaptic
terminals of GnRH neurons onto other unidentified POA neurons (Leranth et al., 1985; Witkin and
Silverman, 1985). The first evidence about the kind of neuronal phenotype innervated by GnRH
neurons was provided by work performed in the guinea pig, in which targeted cells in the POA were
expressing estrogen receptors (Langub et al., 1991). Another study noted that GnRH neuronal
elements synapse onto glutamatergic cells in “almost every hypothalamic region”, but mainly the
OVLT, MS and arcuate nucleus in the monkey (Goldsmith et al., 1994). This view has been extended
by observations of GnRH-positive appositions onto vasopressin neurons in the monkey supraoptic
nucleus and galanin neurons in the human hypothalamus (Thind et al., 1991; Dudas and
Merchenthaler, 2004). Further, GnRH neurons are known to innervate neurons in the suprachiasmatic
nucleus in the rat, and synapses have been described on proopiomelanocortin neurons in the arcuate
nucleus of the mouse (van der Beek et al., 1997; Sotonyi et al., 2010). These anatomical findings are
in line with electrophysiological observations which reported excitatory or inhibitory actions of GnRH
on a variety of hypothalamic neurons. GnRH was able to modulate the activity of neurons in the POA
and OVLT (Felix and Phillips, 1979; Sayer et al., 1984; Pan et al., 1986), ventromedial nucleus of the
hypothalamus (Kow and Pfaff, 1988) and arcuate nucleus (Kawakami and Sakuma, 1974; Herbison et
al., 1984). Modulatory effects of GnRH in the POA may be involved in female lordosis behavior
(Kow and Pfaff, 1988), whereas, given that GnRH neurons are innervated by neurons from the
suprachiasmatic, supraoptic and arcuate nuclei, their projections to those areas have been implicated in
ultra-short feedback loops (Kawakami and Sakuma, 1974). Together, GnRH neurons innervate a range
of other hypothalamic networks, which may control mating behavior and provide feedback
mechanisms to regulate GnRH release.

Extrahypothalamic Projections
Apart from the hypothalamic projections GnRH neurons distribute their fibers widely into a number of
extrahypothalamic areas of the brain (Fig. 1-3). Little is known about these projections, but, as above,
neuromodulatory effects of GnRH in these areas are likely.
Both the vomeronasal organ and the olfactory bulb contain GnRH neuron elements. In the rat and
mouse, GnRH neuron cell bodies are located around the nervus terminalis and in the olfactory bulb
(Witkin and Silverman, 1983; Jennes, 1986; Rosser et al., 1986; Garcia et al., 1987). In the accessory
olfactory bulb GnRH neuron fibers ramify, but also leave the brain via the vomeronasal nerve and
sparsely innervate the olfactory epithelia of the vomeronasal organ (Fig. 1-3) (Witkin and
Silverman, 1983; Jennes, 1986). In the main olfactory bulb, fibers are mainly observed in posterior
9
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parts and appear to emerge from a population of GnRH neurons in the medial olfactory tract and the
nervus terminalis (Merchenthaler et al., 1984; Jennes, 1986; Rosser et al., 1986). Sexual behavior in
rodents is associated with olfactory cues and in particular the vomeronasal organ and the accessory
olfactory system (Powers and Winans, 1975; Wysocki, 1979). Thus, GnRH projections into these
areas suggest a direct involvement of GnRH in mating behavior.
Several structures associated with the limbic system are innervated by GnRH neurons. Fibers have
been observed in the hippocampus, the medial and cortical amygdala, the cingulate gyrus , piriform
cortex as well as the mammillary bodies (Fig. 1-3) (Bennett-Clarke and Joseph, 1982; Witkin et al.,
1982; King and Anthony, 1984; Merchenthaler et al., 1984). Further, GnRH neuron fibers are often
associated with the fornix, which relays signals between various limbic centers. In line with the
observed projections to these areas, lesions in limbic structures were demonstrated to be powerful
suppressors of reproductive function (Velasco and Taleisnik, 1971; Carrillo et al., 1977; Caceres and
Taleisnik, 1980). Together, the presence of GnRH neuron fibers in these areas suggests an
involvement of GnRH in the limbic control of reproductive processes.
A number of midbrain, thalamic and brainstem regions contain GnRH neuron fibers. These range
ventrally from the ventral tegmental area and ventral interpeduncular nucleus to the more central
mesencephalic and periaqueductal gray and dorsally to the superior colliculus (Fig. 1-3) (Samson et
al., 1980; Witkin et al., 1982; Merchenthaler et al., 1984). In the thalamus, GnRH neuronal elements
are associated with the medial habenula and the retroflex fasciculus (Hoffman et al., 1978; BennettClarke and Joseph, 1982; Witkin et al., 1982; King and Anthony, 1984; Merchenthaler et al., 1984).
The most caudal projections of GnRH neurons are situated in the brainstem. There, they innervate the
raphe nuclei, the central gray of the pons and the area postrema (Merchenthaler et al., 1984).
Mesencephalic regions have been associated with gonadotropin secretion (Grino et al., 1968; Carrer
and Taleisnik, 1970; Martinovic and McCann, 1977) and some neurons in the periaqueductal gray
have been shown to be responsive to GnRH (Samson et al., 1980). Indeed, GnRH infused into this
area enhances lordosis behavior in the female rat (Riskind and Moss, 1979; Sakuma and Pfaff, 1980).
In all, these studies suggest that mesencephalic GnRH neuron projections are involved in gonadotropin
secretion and mating behavior.
Extrahypothalamic release of GnRH onto other neurons suggests a role for GnRH as a
neurotransmitter. A prerequisite for this is that the GnRH receptor is present on the postsynaptic cell.
Indeed, autoradiography binding studies with a GnRH antagonist, which indirectly reports the
presence of the GnRH receptor, have shown binding in most of the extrahypothalamic brain areas
where GnRH neuron fibers have been reported (Badr and Pelletier, 1987; Jennes et al., 1988). These
findings were subsequently supported by in situ hybridization for GnRH receptor (Jennes and Conn,
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1994). Consequently, several reports described direct effects of GnRH on membrane potential and
firing rate in hippocampal and mesencephalic neurons (Samson et al., 1980; Wong et al., 1990).
Further support for a neurotransmitter action of GnRH comes from electron microscopic studies which
reported GnRH immunoreactive presynaptic terminals apposed to postsynaptic specializations in other
unidentified neuronal phenotypes (Jennes et al., 1985; Leranth et al., 1985; Silverman and Witkin,
1985; Witkin and Silverman, 1985). In general, there is good evidence that GnRH released from
extrahypothalamic projections acts as a neurotransmitter on other neuronal networks, indicating that in
addition to being a neurohormone it subserves roles in modifying reproductive behavior.

Projections to Ventricular Ependyma
Early studies in the 1970s and 80s described frequent GnRH neuron fiber terminals between
ventricular ependymal cells or even within the third ventricle and postulated that GnRH is released
into the cerebrospinal fluid (CSF) (Naik, 1976; Burchanowski et al., 1979; Burchanowski and
Sternberger, 1980; Bennett-Clarke and Joseph, 1982; King et al., 1982; Witkin et al., 1982). Some
studies using early antisera against GnRH showed staining in tanycytes, specialized ependymal cells
around the ME that span between the third ventricle and external zone of the ME. It was thus
speculated that GnRH released into the CSF might be transported into the hypophyseal blood by a
transependymal pathway (Zimmerman et al., 1974; Naik, 1976). However, improved techniques and
greater antibody specificity revealed the tanycyte labeling to be an artifact (Gross, 1976; Pelletier et
al., 1976) and it was shown that GnRH injected into the third ventricle was unable to pass into the
portal blood (Skinner et al., 1998), providing strong evidence against tanycyte transport of GnRH.
A number of studies have addressed the question whether GnRH is secreted into the CSF. Whereas
pulsatile secretion of GnRH into the ventricular system was shown in rhesus monkeys, ewes and
heifers (Van Vugt et al., 1985; Skinner et al., 1995; Skinner et al., 1997a; Yoshioka et al., 2001), no
evidence for the presence of GnRH could be found in rats or women (Cramer and Barraclough, 1975;
Miyake et al., 1980). An elegant study in ewes narrowed down the site of GnRH CSF release to near
the ME, as the concentration of GnRH was significantly lower in more rostral portions of the third
ventricle near the OVLT (Caraty and Skinner, 2008). Thus, it seems unlikely that GnRH is released
from periventricular fibers near the OVLT or anywhere else. In line with this a study investigating the
ultrastructure of GnRH fibers projecting to the third ventricle reported that these periventricular axons
travel within small canaliculi formed by ependymal cells, well isolated from the ventricular lumen
(Kozlowski and Coates, 1985). Importantly, the GnRH in the CSF appears to be ineffective in
modulating pituitary LH secretion (Skinner et al., 1998) but a role was implicated in regulating sexual
behavior (Caraty et al., 2002). Taken together, depending on the species, GnRH may be released into
the ventricular system at the level of the ME, but this release appears to have a more central function,
unrelated to hormonal release at the pituitary.
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Projections Outside the Blood-Brain Barrier
Tracing molecules such as horseradish peroxidase (HRP) or Fluorogold circulating in the blood are
taken up by a large proportion of GnRH neurons, indicating they have terminals residing outside the
blood-brain barrier (BBB) with direct access to the circulation. This uptake is believed to occur
through micropinocytosis from axon terminals with close contact to fenestrated capillaries, which, in
the brain, are present only in the circumventricular organs (CVOs). The CVOs are known sites of
communication between vasculature and CSF and receive a notable innervation by GnRH neurons.
Apart from the already described ME and OVLT, projections have also been reported in the
subfornical organ, the subcommissural organ and the area postrema, Fig. 1-3) (Bennett-Clarke and
Joseph, 1982; Witkin et al., 1982; Merchenthaler et al., 1984). Peripherally injected HRP gets taken
up by 65% of GnRH neurons in the mouse (Jennes and Stumpf, 1986). In contrast, studies using the
more sensitive tracer Fluorogold reported up to 74% of dual-label in the mouse and 90% in the rat
(Witkin, 1990; Yeo and Herbison, 2011). This indicates that most GnRH neurons project to areas
outside the BBB and it is assumed that the majority of those cells receive their label from uptake in the
ME, where the most intimate connections with the vasculature can be observed. Indeed, a retrograde
tracing study with wheat germ agglutinin injected in the ME reported that 70% of the GnRH neurons
were dual- labeled (Merchenthaler et al., 1989). Notably, HRP or Fluorogold labeled cells were
distributed across the entire GnRH neuron continuum with no apparent anatomical preference (Jennes
and Stumpf, 1986; Witkin, 1990). This suggests that hypophysiotropic release of GnRH is independent
of the location of the cell body.
The direct access to fenestrated vasculature of GnRH neurons in the olfactory bulb and nervus
terminalis has been studied in more detail. GnRH neuron projections had been observed in the nasal
epithelium and subarachnoidal space, and local applications of HRP to these areas were made (Witkin
and Silverman, 1983; Jennes, 1986). Indeed, this procedure specifically labeled about 50% of GnRH
neurons in the olfactory bulb, nervus terminalis and rostral septum and it was suggested that GnRH is
released as a hormone at sites outside of the brain (Jennes, 1986).
Release of GnRH in a hormonal fashion from sites other than the ME is suggested by a number of
anatomical and tracing studies. However, with the exclusion of the OVLT, the GnRH innervation of
those areas is relatively sparse. Given that the amounts of GnRH released are likely to be small and
that the CVOs are difficult to target for sampling studies in vivo, it comes as no surprise that non-ME
GnRH release has not been reported, yet. Hence, whether GnRH is released into the blood at any of
the CVOs and what role it might fulfill remains speculation.
According to the HRP and Fluorogold studies, 10-50% of GnRH neurons have no projection outside
the BBB and are therefore not hypophysiotropic (Jennes and Stumpf, 1986; Witkin, 1990; Rajendren,
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2001; Yeo and Herbison, 2011). What is the role of this subpopulation of GnRH neurons? Leaving
methodological issues of above studies aside, one could reasonably speculate that it is the nonhypophysiotropic GnRH neurons which are responsible for the numerous extrahypothalamic
projections. This would separate the GnRH neuronal field into a neurosecretory population which
regulates gonadal function, and a separate neuromodulatory population presumably involved in sexual
behavior. On the contrary, extrahypothalamic GnRH projections could just as well arise from axon
collaterals of hypophysiotropic neurons. Thus, a particular involvement of non-hypophysiotropic
GnRH neurons in extrahypothalamic projections remains purely speculative.

1.3 MORPHOLOGY OF GNRH NEURONS
GnRH neurons have been studied both at the light and electron microscopic level across a range of
species and it has become evident that GnRH neuron morphology is highly conserved among
mammals. The following section reviews the findings on cell bodies, dendrites and axon terminals in
the ME, the structures which have received most attention.

1.3.1 Cell Bodies and Proximal Dendrites
GnRH neuron perikarya have a very distinct and simple morphology. Their diameters are 8-20 µm in
mouse and rat, 20-25 µm in the guinea pig, about 28 µm in the rhesus monkey and up to 37 µm in the
adult human (Barry et al., 1973; Bennett-Clarke and Joseph, 1982; King et al., 1982; King and
Anthony, 1984; Rosser et al., 1986). The cell bodies are generally fusiform in shape, and in most cases
uni- or bipolar with one or two dendrites emerging from the cell poles, respectively (Barry et al., 1973;
Bennett-Clarke and Joseph, 1982; King et al., 1982; Witkin et al., 1982; King and Anthony, 1984).
The ultrastructure of GnRH neuron somata and dendrites has been most thoroughly addressed by three
studies in the 1980s (Kozlowski et al., 1980; Jennes et al., 1985; Witkin and Silverman, 1985). The
nucleus is mostly situated centrally in bipolar neurons and slightly acentric in unipolar neurons. It is
typically round or ellipsoid, rich in euchromatin, and contains one, occasionally two nucleoli.
Associated with the nucleus are layered stacks of well-developed rough endoplasmic reticulum (ER).
In bipolar cells it is located at either side of the nucleus, in the taper region of the dendrites and may
extend into the dendrites as well. No GnRH label is observed associated with the rough ER. Smooth
ER is rarely observed in the soma, but appears to be the predominant form in the proximal region of
the dendrite. The Golgi apparatus appears as multiple slightly curved stacks throughout the soma.
Clear vesicles of 30-40 nm diameter and dense core vesicles can be frequently observed at its lateral
sides. Dense core vesicles with diameters of 70-110 nm can be observed throughout the cytoplasm.
However only a portion of them are labeled for GnRH and this population appears to preferentially
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located near the plasma membrane and at the origin and further out in the dendrites. Few lysosomes
can be observed in GnRH neuron somata, but multivesicular bodies consisting of 10-20 vesicles of 5080 nm diameter can be frequently observed. Mitochondria are a major organelle in GnRH neurons and
are distributed throughout the soma and proximal dendrite, with a preference close to the Golgi
apparatus. They appear in lamellar and cristal form as elongated and slightly curved rods which are
rarely branched. Elements of the cytoskeleton are only infrequently observed in the soma.
Microtubules with no particular orientation may be observed in the soma, but are a regular component
of the dendrite, where they are loosely arranged. Other organelles which can be observed are free
ribosomes, which are often arranged in clusters. GnRH neurons can contain up to three cilia and
several more centrioles. Nematosomes, round granulated bodies without a membrane and with no
known function are also frequently observed. GnRH label frequently appears unassociated with any
subcellular structures in the cytoplasm which may suggest that GnRH peptide is present throughout
the cell and not just accumulated in dense core vesicles. The dendrites usually taper off the soma very
gradually, with a fluent transition of organelle content between soma and dendrite. No hillock-type
arrangement of organelles as in other neurons can be observed at the origin of neurites and thus
emerging axons can rarely be found.

1.3.2 Dendrites
In general, the GnRH neuron dendrites are oriented within the loose boundaries of the GnRH neuron
continuum, i.e. mostly vertically in the MS and VDBB, and increasingly oblique further lateral and
caudal until they run parallel to the ventral surface of the brain (Hoffman et al., 1982; Merchenthaler
et al., 1984). Only a few dendrites project horizontally across the continuum in the rPOA and MS
(Campbell et al., 2005; Campbell et al., 2009). GnRH neuron dendrites are very unlike those of other
neurons in that a very low degree of branching has been reported (Bennett-Clarke and Joseph, 1982;
Hoffman et al., 1982; King et al., 1982). In fact, on average, GnRH neuron dendrites have less than
one branch point (Cottrell et al., 2006). This simple morphology appears to be the result of substantial
pruning during hypothalamic development, as prepubertal GnRH neurons have an average of 5.6
dendritic branch points per cell (Cottrell et al., 2006). Despite the simple cable-like character, GnRH
neuron dendrites are remarkable in that they may extend in excess of 1600 µm across the brain
(Campbell et al., 2005). At the ultrastructural level within the dendrite, GnRH immunoreactivity is
present in dense core vesicles and associated with microtubules (Jennes et al., 1985; Silverman and
Witkin, 1985; Witkin and Silverman, 1985). Close apposition of dendrites over several microns has
been observed between GnRH neuron dendrites of different neurons (Witkin and Silverman, 1985),
and this close proximity was demonstrated to allow for shared synaptic input from one presynaptic
element upon both dendrites (Witkin and Silverman, 1985; Campbell et al., 2009). When this
phenomenon was studied at the light microscopic level it was observed that more than 80% of GnRH
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neurons showed dendritic bundling to some extent and up to 15 sites of contact per dendrite were
counted (Campbell et al., 2009). No synaptic crosstalk between the GnRH neuronal elements at the
sites of dendritic bundling was observed. In short, the simple GnRH neuron dendrites extend up to
millimeters throughout the GnRH neuron continuum and bundle with each other, which may play a
role in synchronizing GnRH neuron activity.

1.3.3 Axons
The GnRH neuron axon, or more importantly its origin and proximal part, has remained a mysterious
compartment until today. Until the late 1970s most authors have shied away from the use of the terms
“dendrite” and “axon” in the description of GnRH neuron neurites close to the soma and only electron
microscopic insight clearly established the high caliber neurites emerging from the soma as dendrites.
Whereas thin GnRH-positive fibers near the ME were commonly referred to as axons, only two
studies so far have provided somewhat convincing light microscopic images of axons leaving the
GnRH neuron soma (Barry and Dubois, 1974; Merchenthaler et al., 1984) and only one electron
microscopic study has made a similar observation (Witkin and Silverman, 1985). Other authors only
stated that “axons arose either directly from the perikaryon or from one of the proximal dendrites”
without showing micrographs (Leranth et al., 1985), or simply declared one of the GnRH neuron
neurites as the axon without any further comment on the defining criteria (Roberts et al., 2009).
Electron microscopy, while being the gold standard in ultrastructurally identifying cellular
compartments, has the caveat of being restricted to very thin sections which in turn dramatically
restricts the field of view. Thus, an axonal origin further out on the dendrite is likely to be missed.
However at the level of the soma an apparent lack of axon hillock-like arrangement of organelles was
reported (Jennes et al., 1985). Further, myelination, a hallmark of axonal ultrastructure, is rarely
observed around GnRH neuron fibers. Therefore, the

proximal

axon remains

greatly

underinvestigated. It may indeed emerge from the soma or proximal dendrite, but no in-depth studies
have been published.

1.3.4 Synaptic Inputs
Electron microscopic studies have investigated the extent of synaptic input to GnRH neuron perikarya
and it appears that GnRH neurons receive relatively fewer synapses compared to unidentified neurons
in their vicinity. The first study to assess input onto GnRH neurons failed to observe any axosomatic
synapses (Kozlowski et al., 1980). However the amount detected increased with subsequent
improvements in methodology, technique and approach (Witkin and Silverman, 1985; Witkin, 1987,
1989) and in 1990, an average of 3.3 and 1.8 synapses per soma were reported in female and male rats,
respectively (Chen et al., 1990). This indicates some degree of sexual dimorphism at the level of the
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GnRH neuron. Still, the number of synapses onto GnRH neuron somata is rather small and is below
the level of innervation of other unidentified POA neurons by a factor of at least 2.5 (Witkin, 1989).
In contrast, synapses onto the proximal dendrite of GnRH neurons are more numerous than on the
soma (Witkin and Silverman, 1985; Chen et al., 1990). Up to 20% of dendritic membrane may be
covered by synaptic contacts, but the reports on occupied dendritic membrane are highly variable;
values between 0.38% and 20% from the same research group may be indicative of poor
reproducibility or, more importantly, a large variability between GnRH neurons (Witkin and
Silverman, 1985; Chen et al., 1990).
The analysis of the presynaptic terminals upon somata and dendrites revealed several ultrastructural
variations. Synapses onto GnRH neurons are typically asymmetric, with a dense postsynaptic
thickening and an average length of about 0.4 µm (Silverman and Witkin, 1985; Witkin and
Silverman, 1985). The vesicles within the terminals are mostly clear (about 80%), but up to 20% of
vesicle content may be made up of larger dense core vesicles (Jennes et al., 1985; Witkin and
Silverman, 1985). The clear vesicles can be either rounded (about 70%) or ellipsoid (30%) and often a
mixture of both can be observed (Witkin, 1987, 1989). Further details on the types of transmitters
contained in these synapses are provided in Section 1.4.2.

Synaptic Input onto Spines
Remarkable differences in the contour of GnRH neuron perikarya were noted by early investigators
and populations of smooth and spiny GnRH neurons described. Krisch first characterized these
phenotypes in the rat and found bipolar neurons with a smooth surface and unipolar neurons with
irregular thorny protuberances of the plasma membrane (Krisch, 1980). However this strict
categorization of smooth bipolar cells and spiny unipolar ones was never quantified and lacks
confirmation by other laboratories. In neurons, spines are specialized sites of synaptic input, and this
suggested that spiny GnRH neurons receive more synaptic input than smooth ones. Indeed, a
comprehensive study of GnRH neuron ultrastructure reported more synapses onto the spines of
irregular neurons, but provided no quantitative evidence (Jennes et al., 1985). Witkin and Demasio
specifically addressed this question again and, while observing slight structural differences in
cytoplasm, Golgi apparatus and mitochondria, were unable to statistically confirm increased synaptic
input onto spiny GnRH neurons (Witkin and Demasio, 1990). As a point of criticism it has to be added
that this study analyzed only 3 ultrathin sections per neuron investigated and observed a range from
0-11 synaptic contacts per profile. It is likely that the large variance made the small sample size
inadequate to reliably answer this question. In line with this the authors reported “more smooth
neurons with no synapses” (Witkin and Demasio, 1990). In conclusion, despite a certain debate in the
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field, there appear to be differences in the amount of synaptic input onto GnRH neurons across the
population, an indicator of which may be the amount of spines elaborated by somata and dendrites.
Due to the extreme thinness of tissue sections used in transmission electron microscopy, analyses of
synaptic input onto GnRH neurons has been confined to the soma and proximal dendrite. Since the
frequency of observed synapses was increased in dendritic regions compared to the soma it was
necessary to extend the studies to more distal regions. This was enabled by the advent of GnRH-green
fluorescent protein (GFP) mice in which individual identified GnRH neurons could be filled with low
molecular weight dyes and allowed for the observation of cellular morphology at a great detail over
long distances under the light microscope. However, a caveat of this approach is that only spines of
the postsynaptic neuron are quantified as a morphological correlate of a synapse. Spines are typically
only sites of excitatory input and are not even always targeted by a presynaptic bouton, making simple
spine counts a rough estimate of synaptic input (Sorra and Harris, 2000). Still, the following study has
provided some valuable insight into GnRH neuron synaptology.
Light microscopy-based investigation of dye-filled GnRH neurons was able to analyze the distribution
of dendritic spines well into the millimeter range. In both male and female diestrous mice, about
13 spines were observed on the soma of GnRH neurons (Campbell et al., 2005). In line with electron
microscopic data, the first 50 µm of the proximal dendrite had the highest density of spines with about
24 spines in this segment. More distally spine numbers decreased, but could be observed up until
1300 µm from the cell body. Interestingly, horizontally traversing proximal dendrites had significantly
more spines than vertical ones. This study confirmed the highest density of inputs to the proximal
dendrite and suggests significant amounts of synapses further distal along the dendrites.
Overall, synaptic input to GnRH neuron somata appears to be relatively sparse and somewhat variable,
but there is good evidence for considerable numbers of synapses onto the proximal and distal
dendrites.

Plasticity of Synaptic Input
GnRH neurons undergo substantial functional plasticity across the estrous cycle and it has now
become evident that a number of factors contribute to the plasticity of GnRH neuron innervation.
GnRH neuron innervation shows considerable alterations with increasing age from prepubertal to old
animals. Using spine counts as estimates of synaptic inputs, Cottrell et al. showed an almost twofold
increase in synapses onto the soma and proximal dendrite, but not distal dendrite, between prepubertal
and adult mice (Cottrell et al., 2006). Comparable findings have been made on an ultrastructural level
in the rat (Witkin and Romero, 1995). Interestingly this trend continues in even older adult animals.
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Electron microscopic analysis of the soma and proximal dendrite in rats revealed significant increases
in axosomatic synapses in middle-aged (10-12 months) and old (20-23 months) animals (Witkin,
1987). This was accompanied by a non-significant increase in the dendrites as well as changes in
vesicle content of boutons. A similar increase in synaptic appositions was observed in a light
microscopy based study (Khan et al., 2010). While changes of innervation during the development of
the reproductive axis seem logical, the further increase during late adulthood seems less obvious. The
authors speculate inhibitory inputs may increase to account for the decreased levels of circulating
gonadotropins, however this awaits confirmation.
Spine plasticity is known to change with the steroidal environment in some classes of neurons
(Frankfurt et al., 1990; Danzer et al., 2001; Rudick and Woolley, 2001). The effect of gonadectomy on
the presence of synapses onto GnRH neurons has been investigated in male rats, but no changes were
observed (Witkin, 1989). In contrast, ovariectomized female mice with low steroid levels showed a
significant decrease in somatic spines but maintained dendritic spine density (Chan et al., 2011).
Interestingly the same study reported dramatically elevated numbers of spines in a population of
GnRH neurons during the proestrous stage, when circulating estrogen levels are high. This 60%
increase occurred both at the soma and proximal dendrite and was confined to GnRH neurons with
high electrical activity. These findings indicate that low steroid levels have little impact on the average
innervation of GnRH neurons, but demonstrate a tremendous synaptic plasticity throughout the estrous
cycle, particularly during phases of high circulating estrogen.
One of the early ultrastructural studies had noted substantial glial ensheathment of GnRH neuron
cell bodies and proposed an involvement of those elements in regulating the accessibility of the soma
to presynaptic terminals (Jennes et al., 1985). Indeed, work performed on the rhesus monkey showed
that glial wrapping of GnRH somata was increased significantly after ovariectomy and could be
partially reversed by steroid replacement (Witkin et al., 1991). The amount of synapses apposing
somatic membrane decreased in parallel with the elevated ensheathment. That this mechanism also
works reversibly on a shorter timescale and more physiologically was indicated by studies in rats.
During the day of proestrus, in the afternoon of which the GnRH/LH surge triggers ovulation, the
surface area and number of processes of GFAP-positive astrocytes in contact with GnRH neurons
decreases significantly (Cashion et al., 2003). The remodeling of processes was specific to juxtaposed
astrocytes and did not occur in other stages of the estrous cycle. Subsequent work by the same group
found that this kind of plasticity was likely to be controlled by the release of vasoactive intestinal
polypeptide, a neuropeptide released by neurons of the suprachiasmatic nucleus, which are centrally
involved in governing diurnal rhythms (Gerhold and Wise, 2006). Interestingly, morphological
changes of glia during proestrus were absent in middle-aged animals which have attenuated LH surges
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(Cashion et al., 2003; Gerhold and Wise, 2006). Therefore, glial wrapping could restrict axonal access
to GnRH neuron somata and dendrites and as a result reduce synaptic drive of GnRH neuron activity.

1.3.5 Sites of GnRH Release
Based on portal blood sampling, immunohistochemistry, and electron microscopy, two general
categories of GnRH release have been observed. At synapses GnRH neurons make contact with other
neurons and release GnRH as a neurotransmitter, whereas in the ME GnRH is released as a hormone.

Synaptic
GnRH neurons frequently make synaptic contact with other neurons in the hypothalamus (Goldsmith
et al., 1994; van der Beek et al., 1997; Sotonyi et al., 2010). These synapses arise either from an axon,
a dendrite or even the soma and impinge onto somata and dendrites alike (Jennes et al., 1985;
Silverman and Witkin, 1985). Interestingly, electron-lucent vesicles can be observed in these
structures alongside GnRH-positive dense core vesicles (Jennes et al., 1985; Silverman and Witkin,
1985; Witkin and Silverman, 1985) and may contain other transmitters such as glutamate (Hrabovszky
et al., 2004). In addition, not all dense core vesicles in GnRH neurons are GnRH-immunoreactive and
may be filled with other neuropeptides, such as galanin, which is proposed to aid the generation of the
LH surge (Hrabovszky et al., 1995; Liposits et al., 1995; Cheung et al., 1996; Rajendren and Gibson,
1999). Since the number of GnRH-positive dense core vesicles in synapses appeared to be lower than
in neurosecretory endings in the ME, it can be speculated that at synaptic sites cotransmitter release
may be more dominant. More complexity is added by the presence of clear and dense core vesicles in
some GnRH neuron spines bearing postsynaptic densities (Jennes et al., 1985). This provides the
potential for some degree of reciprocity between non-GnRH synaptic inputs and the GnRH neuronal
elements. Finally, physiological evidence for GnRH acting as a neurotransmitter is provided by
recordings which show direct neuromodulatory effects on postsynaptic cells (Samson et al., 1980; Pan
et al., 1986; Pan et al., 1988; Ogawa et al., 1992).
In addition to innervation of other POA neurons, axodendritic and dendrosomatic connections between
GnRH neurons have been described (Liposits et al., 1984; Leranth et al., 1985; Silverman and Witkin,
1985; Witkin, 1987; Chen et al., 1990), and also cases of autoinnervation were reported
(Merchenthaler et al., 1984). This indicates a certain level of cross-connectivity between GnRH
neurons and may provide a means of synchronization. In conclusion, GnRH and likely some
cotransmitters are released synaptically and are thus able to modulate other neuronal networks and
GnRH neurons themselves.
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Neurosecretory
GnRH neuron terminals and GnRH neurosecretion in the ME have been studied in great detail. Axons
radiate from the internal zone of the ME into the external zone, where they terminate near the basal
lamina, which separates the pericapillary space from the neuropil (Nozaki et al., 1979). Interestingly,
the endings rarely make contact with the basal lamina and their position is sexually dimorphic.
Typically, the distance between the terminal proper and the basal lamina is rather large with about
6 µm and 11 µm in female and male rats, respectively (King and Letourneau, 1994). The boutons are
on average 3 µm2 in cross-sectional area and contain large amounts of GnRH peptide loaded in dense
core vesicles and a smaller number of GnRH-negative clear vesicles (Kawakami et al., 1998b; Prevot
et al., 1998). The dense core vesicles range in size from 70-130 nm and are sexually dimorphic as well
(Pelletier et al., 1974; Pelletier et al., 1976; Nozaki et al., 1979; Kozlowski and Coates, 1985). In
general, more GnRH can be observed in terminals of females, with a particular increase on proestrus
(King and Letourneau, 1994; Prevot et al., 1998). In males, however, the dense core vesicles appear to
be arranged specifically in submembraneous regions (King and Letourneau, 1994). There is evidence,
that GnRH-positive dense core vesicles additionally contain other molecules. Interestingly, the
neuropeptide galanin appears to be coreleased with GnRH, as it was observed in up to 45% of the
GnRH dense core vesicles. Again, this is a sexually dimorphic phenomenon, with 22% and 88% of the
terminals being double-labeled in male and female animals, respectively {Liposits, 1995 #2223)).
Further, the NR1 and KA2 subunits of glutamate receptor have been localized to about 30% of GnRH
neuron terminals (Kawakami et al., 1998b), and NR1 was found in about 50% of the GnRHcontaining dense core vesicles (Yin et al., 2007). The exact mode of action of this receptor remains to
be elucidated.
Within the ME GnRH neuronal elements are closely surrounded by a dense network of specialized
glia, the tanycytes. The cell bodies of these cells are connected by gap-junctions, based around the
third ventricle and project radially into the external zone (Tsukahara et al., 1999; Rodriguez et al.,
2005). Early studies reported that the majority of GnRH neuron axons in the ME were in close contact
with tanycytes and suggested that this ensheathment might undergo some plastic regulation (Nozaki et
al., 1979; Kozlowski and Coates, 1985). Indeed, more recent studies confirmed that 81% of the
terminal surface is apposed by tanycytic endfeet (Yin et al., 2009b), and described the endfoot
plasticity in great detail (Prevot et al., 1999). The authors observed that during diestrus, when only
small amounts of GnRH are released, GnRH terminals made no direct contact with the basal lamina.
On the afternoon of proestrus however, tanycytes had rearranged so that 12% of the terminals were
now juxtaposed to the basal lamina and able to release GnRH. In addition to tanycyte remodeling, a
substantial evagination of the basal lamina towards the GnRH terminals was observed, which in turn
also occasionally projected thin processes between the tanycytes to meet halfway. A follow up study
from the same group was recently able to demonstrate the underlying signaling pathways of the
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tanycytic remodeling. It appears that the high levels of ovarian estrogen during proestrus trigger the
production of nitric oxide and prostaglandin E2 in endothelial cells and tanycytes of the ME. These
molecules then act as messengers on the tanycytes to retract their processes from the basal lamina and
allow access to GnRH terminals (de Seranno et al., 2010). In aged rats the tanycyte plasticity appears
to be increasingly impaired. As a result, the estrogen sensitivity is reduced and only 68% of the GnRH
axons are wrapped (Yin et al., 2009a; Yin et al., 2009b).
In short, axon terminals of GnRH neurons in the ME are separated from the basal lamina by tanycytes.
During the proestrous GnRH surge the tanycytic endfeet retract in an estrogen dependent manner and
allow access to the basal lamina, where GnRH is released by the exocytotic fusion of dense core
vesicles, which also contain galanin.
In addition to classical neuronal activity along the axon, several other mechanisms and modulators at
the level of the terminal have been proposed to affect GnRH release in the ME. In the sheep,
dopaminergic synapses have been observed upon GnRH terminals and appeared to have inhibitory
function (Kuljis and Advis, 1989). However, no direct synaptic input with a postsynaptic thickening
has been observed in other animals. Nonetheless, 90% of GnRH-positive terminals are directly
apposed by glutamatergic boutons and NR1 and KA2 glutamate receptor subunits are expressed in the
GnRH terminal (Kawakami et al., 1998b). Since peripheral injections of glutamate receptor agonists
can powerfully elicit GnRH release from the ME (Arslan et al., 1988; Cicero et al., 1988; Saitoh et al.,
1991), independently of the cell bodies (Kawakami et al., 1998a), non-synaptic effects through
volume transmission have been suggested. In this scenario, receptors are not locally clustered in the
plasma membrane, but rather distributed throughout and activated by transmitters in the extracellular
space. Upon calcium entry, GnRH would then be released independently from action potentials
initiated at the soma. Similarly, kisspeptin, a strong activator of GnRH neuron firing, is capable of
inducing the release of GnRH from ME explants, which lack the GnRH cell bodies (d'Anglemont de
Tassigny et al., 2008; Smith et al., 2011). This may be mediated by the activation of Gpr54, the
receptor for kisspeptin, directly on GnRH terminals. However, although most of the GnRH neurons
express Gpr54, it remains unclear whether the receptor is located at the level of the nerve terminal
(Herbison et al., 2010). Alternatively, kisspeptin may act on other cells in the ME region which then
induce the release of GnRH. Overall, there is accumulating evidence that GnRH release in the ME can
be regulated independently from neuronal activity at the level of the GnRH cell bodies.
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1.4 GNRH NEURON ACTIVITY
In order to put the aim and work of this thesis in an appropriate context, this section is directed at
providing a broad overview of GnRH neuron activity and about the current understanding of how it is
modulated.
The hypothalamic-pituitary-gonadal axis makes up a feedback loop, in which the GnRH neurons are
the final output of the hypothalamus. The GnRH-dependent LH and FSH released from the pituitary
control the gonads, which in turn feed back onto the hypothalamus with the steroid hormones
estrogen, progesterone and testosterone. During the estrous and diestrous stage in the female,
circulating estrogen levels are low, exerting a negative feedback onto the GnRH neuron network.
During proestrus, ovarian estrogen release increases and the system switches to a positive feedback
mode, in which estrogen stimulates the release of GnRH which culminates in the preovulatory
GnRH/LH surge (Herbison, 2006). It is now evident that the majority of the negative- and positive
feedback mechanisms do not take place at the level of the GnRH neurons but rather within other
hypothalamic networks afferent to the GnRH neurons (Herbison, 2008). In addition to the steroid
feedback, a multitude of homeostatic modalities provide permissive signals to GnRH neurons in order
to achieve levels of fertility appropriate to the organism (Kalra et al., 1998; Pralong, 2010). These
various inputs are then integrated by GnRH neurons and translated into a final signal, the GnRH
release at the ME.

1.4.1 Intrinsic Electrophysiological Properties
GnRH neurons express a variety of ion channels similar to that of most other central nervous system
(CNS) neurons. Among these are voltage-activated sodium channels (Spergel et al., 1999; Suter et al.,
2000), a range of potassium channels including calcium-activated potassium channels (Bosch et al.,
2002; Kato et al., 2006; Hiraizumi et al., 2008; Liu and Herbison, 2008; Lee et al., 2010), and voltageactivated calcium channels (Kato et al., 2003). Whereas the voltage-activated sodium channels are
critical for action potential firing, it is the calcium-activated potassium channels and T-type calcium
channels that are able to shape firing patterns through afterhyperpolarizations and afterdepolarizations,
respectively. Afterhyperpolarizations reduce the firing frequency within bursts of action potentials and
can increase the interval between individual bursts of activity (Kato et al., 2006; Lee et al., 2010).
Afterdepolarizations on the other hand can increase intraburst firing frequencies (Chu and Moenter,
2006) and the low voltage-activated calcium channels may even initiate burst firing (Ronnekleiv et al.,
2010). This range of ion channels can elaborate a complex firing pattern in well-defined bursts and is
likely to be an underlying component of the inherent pulsatility of GnRH neurons which has been
suggested from studies in GnRH expressing cell lines (Krsmanovic et al., 1992; Martinez de la
Escalera et al., 1992; Wetsel et al., 1992).
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Recent electrophysiological analyses of the GnRH neuron dendrites have unveiled some remarkable
signaling properties. Dual patch clamp recordings obtained from GnRH neuron somata and dendrites
revealed that the dendrites contain voltage-gated sodium channels and are capable of actively
propagating action potentials (Roberts et al., 2008). More importantly, a contemporary study found
that the spike initiation site is located out on the dendrite in the majority of GnRH neurons and that
this is due to high concentrations of voltage-activated sodium channels in the proximal dendrite
(Iremonger and Herbison, 2012). These surprisingly active properties suggest a central role of the
dendrite for GnRH neuron signaling.

1.4.2 Modulation of GnRH Neuron Activity
GnRH neuron activity is modulated by a range of synaptic and non-synaptic factors. For many, direct
actions on GnRH neuron somata and dendrites have been shown electrophysiologically, for others
only morphological data or in vivo effects on GnRH release are reported. In addition to the soma,
certain factors appear to exert effects on the terminals in the ME to influence the release of GnRH, but
little is known about the underlying mechanisms.
A selection of prominent synaptic inputs to GnRH neurons in the rat and mouse is given in Table 1-1.
In addition to classical neurotransmitters, a range of neuropeptides have strong and sustained effects
on the GnRH neuron membrane potential. The effects of some transmitters such as γ-aminobutyric
acid (GABA) and GnRH are debated across the field. In the case of GABA the most recent consensus
appears to be that it is excitatory in the majority of cells and inhibitory in only 15% of the GnRH
neurons (Herbison and Moenter, 2011; Liu et al., 2011). GnRH effects on the other hand seem to be
dependent on the stage of the estrous cycle, with about 30% of GnRH neurons inhibited on proestrus
(Xu et al., 2004; Xu et al., 2008; Han et al., 2010).
On the whole, a plethora of direct modulators of GnRH neuron activity exist which synapse onto
GnRH neuron somata and dendrites. These inputs share an overall rather small number of synapses as
discussed in Section 1.3.4.
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Table 1-1: Selected neurotransmitters and neuropeptides with direct synaptic effect on adult GnRH
neuron firing.

transmitter/

excitatory effect on

inhibitory effect on

structural evidence for

neuropeptide

GnRH neurons

GnRH neurons

synaptic input

GABA

(DeFazio et al., 2002;

(Han et al., 2002; Han et

(Witkin, 1992)

Moenter and DeFazio,

al., 2004; Liu and

2005; Liu and Herbison,

Herbison, 2011)

2011)
glutamate

(Kuehl-Kovarik et al.,

(Kiss et al., 2003)

2002; Suter, 2004)
kisspeptin

(Han et al., 2005)

(Clarkson and Herbison,
2006)

galanin

(Todman et al., 2005)

(Merchenthaler et al.,
1990; Merchenthaler et
al., 1991; Hrabovszky et
al., 1995)

GnRH

(Xu et al., 2004;

(Xu et al., 2004; Xu et

(Liposits et al., 1984;

Todman et al., 2005;

al., 2008; Han et al.,

Leranth et al., 1985;

Han et al., 2010)

2010)

Silverman and Witkin,
1985)

vasoactive

(Christian and Moenter,

intestinal

2008)

(Kriegsfeld et al., 2002)

polypeptide
somatostatin

(Todman et al., 2005;

(Bhattarai et al., 2010)

Bhattarai et al., 2010).
norepinephrine

(Han and Herbison,

(Miller and Zhu, 1995)

2008)
Only a selection of direct modulators of GnRH neuron firing is shown. Structural evidence for synaptic input
may be on light- or electron microscopic level. References given are the earliest reports on the subject and/or the
ones which provided significant insight.
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1.5 AIM OF THIS STUDY
GnRH neuron anatomy and morphology has been studied for almost four decades now and significant
advances have been made in unraveling the components of this hypothalamic network and how it
controls fertility. As outlined in the Introduction, GnRH neuron somata, dendrites and axon terminals
have been investigated in great detail. However, very little is known about the GnRH neuron axon and
where it originates. The exact position of the axon hillock is of crucial importance given the large
array of afferent modulators which are limited to a relatively small number of synapses in the region
of the soma and very distal inputs onto the extensive dendrite. The location of the axon greatly
determines the influence of individual inputs on the final generation of action potentials and
subsequent GnRH release at the median eminence. Thus, in order to better understand the signal
integration properties of GnRH neurons it was the primary aim of this study to characterize the
axonal origin in detail.
A second aim addressed the two main GnRH neuron projection areas OVLT (organum vasculosum of
the lamina terminalis) and median eminence. Since the last studies on this subject in the 1980s,
significant methodological advances such as single cell filling and confocal microscopy have become
available. With these techniques at hand, high resolution analyses over long distances were undertaken
on OVLT and median eminence projections and complemented with electrophysiological recordings
to gain further insight into their anatomy and function.
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GENERAL MATERIALS AND METHODS
This chapter describes materials and methods which have been routinely used throughout the
experimental period to prepare this thesis and which are common to several Results chapters (Chapters
3 to 6). Buffers and solutions used are listed in Appendix A. More specific information on individual
experiments is detailed in the Methods section of the relevant chapters.

2.1 ANIMALS
Experiments were conducted using wildtype C57BL/6 mice, transgenic GnRH-GFP mice or transgenic
tyrosine hydroxylase (TH) -GFP mice on a C57BL/6 background. All animals were housed under a
twelve hours light/dark cycle with lights off at 7 pm and ad libitum access to food and water. All the
experimental procedures were approved by the University of Otago Animal Welfare and Ethics
Committee.

2.2 ANTIBODIES AND MARKERS
A range of antibodies was used in this study. Table 2-1 lists all primary antibodies, the types of
antibody, the dilution at which they had been used, the respective secondary antibodies for labeling
and manufacturer’s details. Details of control experiments are provided in each chapter.
Table 2-2 lists all secondary antibodies and other histochemical markers used in this study.
Information on conjugate, antibody status, dilution and manufacturer’s details are detailed.
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Table 2-1: Primary antibodies used in this thesis.

antibody/target

host species

dilution

secondary

company

antibody used

order #
lot

Ankyrin G

mouse

1:50

monoclonal

donkey anti-mouse

Santa Cruz Biotechnology

DyLight 549

#sc-12719
lot D1309

β-3-Tubulin

mouse

1:1000

monoclonal

goat anti-mouse

R&D Systems

AlexaFluor 546

#MAB1195
lot HGQ01

GFP

chicken

1:2000

polyclonal

goat anti-chicken

Chemicon

AlexaFluor 488

#AB16901
lot 0511014875

GFP

rabbit

1:5000

polyclonal

goat anti-rabbit

Invitrogen

AlexaFluor 488

#A6455
lot 71B1

GnRH LR5

rabbit

1:20,000

goat anti-rabbit

polyclonal

GnRH Molter

sheep

AlexaFluor 488

1:1000

donkey anti-sheep

polyclonal

KIF17

rabbit

Dr. R. Benoit

Dr. C. Molter-Gérard

Texas Red

1:100

polyclonal

goat anti-rabbit

Abcam

AlexaFluor 568

#ab11261
lot 721005

MAP2

mouse

1:1000

monoclonal

goat anti-mouse

Sigma Aldrich

AlexaFluor 546

#M4403
lot 111K4806

pERK1/2

rabbit

1:1000

polyclonal

donkey anti-rabbit

Cell Signalling

biotinylated

#9101
lot 26
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antibody/target

host species

dilution

secondary

company

antibody used

order #
lot

pSTAT3

rabbit

1:1000

monoclonal

goat anti-rabbit

Cell signaling

biotinylated

#91455
lot 8

SMI31

mouse

phosphorylated

monoclonal

1:500

goat anti-mouse

Sternberger Monoclonals

AlexaFluor 546

#SMI31

goat anti-mouse

Sternberger Monoclonals

AlexaFluor 546

#SMI32

goat anti-mouse

Millipore

AlexaFluor 546

#MAB3420

neurofilament
SMI32

mouse

dephosphorylated

monoclonal

1:500

neurofilament
Tau1

mouse

1:500

monoclonal

lot LV1563313
VAMP2

rabbit

1:300

polyclonal

goat anti-rabbit

Synaptic Systems

AlexaFluor 568

#104202
lot 104202/20
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Table 2-2: Secondary antibodies and other markers used in this thesis.

antibody/marker

antibody status

dilution company
order#

goat anti-rabbit AlexaFluor 488

whole IgG

1:200

Invitrogen
#A11008

goat anti-rabbit AlexaFluor 568

whole IgG

1:200

Invitrogen
#A11011

goat anti-mouse AlexaFluor 546

whole IgG

1:200

Invitrogen
#S11030

goat anti-chicken AlexaFluor 488

whole IgG

1:200

Invitrogen
#A11039

goat anti-rabbit biotinylated

whole IgG

1:400

Vector Laboratories
#BA-1000

donkey anti-rabbit biotinylated

F(ab’)2 fragment

1:1000

Jackson ImmunoResearch
#711-066-152

donkey anti-sheep Texas Red

F(ab’)2 fragment

1:500

Jackson ImmunoResearch
#713-076-147

donkey anti-mouse DyLight 549

F(ab’)2 fragment

1:200

Jackson ImmunoResearch
#715-506-150

Bandeiraea simplicifolia Lectin I (BSLI)

-

1:500

Vector Laboratories
#RL-1102

streptavidin AlexaFluor 488

-

1:200

Invitrogen
#S11223

streptavidin AlexaFluor 568

-

1:200

Invitrogen
#S11226

streptavidin AlexaFluor 647

-

1:200

Invitrogen
#S21374
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2.3 FLUORESCENCE IMMUNOHISTOCHEMISTRY ON FROZEN SECTIONS
Animals were deeply anesthetized using pentobarbital (30 mg/100 g body weight) and were
transcardially perfused with 15 ml of cold 4% (w/v) paraformaldehyde (PFA) in 0.1 M phosphate
buffer (pH 7.6; from now on referred to as 4% PFA). Brains were removed immediately and were
immersion fixed in 4% PFA at room temperature for 1 h. Subsequently, brains were cryoprotected in
30% (w/v) sucrose in Tris-buffered saline (TBS; 50 mM Tris, 150 mM NaCl, pH 7.6) at 4° C over
night. Sections of 30 µm or 50 µm thickness were cut on a freezing stage microtome and transferred
into cryoprotectant (refer to Appendix A) for storage at -20° C or transferred into TBS for direct use.
Residual PFA was removed by washing sections in TBS for 3x10 min. Primary antibody incubation
was performed at 4° C for ~48 h in incubation solution (0.3% (w/v) Triton X-100 and 0.25% (w/v)
bovine serum albumin in TBS, pH 7.6) with 2% (v/v) normal serum of the species the secondary
antibodies had been raised in. Again, the tissue was rinsed 3x10 min in TBS and secondary antibodies
were incubated in incubation solution at room temperature for 60-90 min. After a final set of washes
for 3x10 min sections were mounted on gelatin-coated slides, dried, and subsequently coverslipped
using Aqua-Poly/Mount (Polysciences, Inc.). Slides were stored in the dark at 4° C.

2.4 PREPARATION OF IN VITRO ACUTE BRAIN SLICES
Animals were killed by cervical dislocation, decapitated and the brain was quickly removed from the
skull and placed into ice-cold cutting artificial cerebrospinal fluid (ACSF; 118 mM NaCl, 3 mM KCl,
11 mM D-Glucose, 10 mM HEPES, 25 mM NaHCO3, 0.5 mM CaCl2, 6 mM MgCl2, 302 mosmol/kg,
pH 7.4) aerated with carbogen (95% oxygen, 5% carbon dioxide). Typically, the brain was blocked at
the brainstem (for coronal sections) or parallel to the midline (for sagittal sections) and superglued
onto a cutting stage. For the ventral horizontal brain slice brains were glued to the cutting stage with
the cerebral cortex facing down. Using a Leica vibratome (model VT1000S) 200 µm-thick coronal or
sagittal sections were prepared and transferred into aerated recording ACSF (118 mM NaCl, 3 mM
KCl, 11 mM D-Glucose, 10 mM HEPES, 25 mM NaHCO3, 2.5 mM CaCl2, 1.2 mM MgCl2,
297 mosmol/kg, pH 7.4) heated to 32° C. The ventral horizontal brain slice was prepared by a single
horizontal cut from the mammillary bodies to the OVLT, which yielded a tissue block of the ventral
surface of the brain of ~500 µm thickness. Since this slice is cut only on the dorsal side, structures
close to the ventral surface are maintained intact. Sections were allowed to recover in recording ACSF
at 32° C for at least 1 h before a recording or cell filling experiment was started.
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2.5 CELL FILLING IN ACUTE BRAIN SLICES
Sections were transferred into the recording chamber of a patch clamping rig mounted on a Zeiss
Axioskop FS microscope and perfused with recording ACSF at a temperature of 20-25° C. Fluorescent
neurons were briefly identified using 10x and 40x water immersion objectives. A tight seal
configuration (0.05-2 GΩ) was obtained under differential interference contrast optics using patch
pipettes (8-12 MΩ) pulled from borosilicate capillaries (G150TF-3, Warner Instruments) on a
horizontal puller (P-97, Sutter Instrument Co.). Neurobiotin (SP-1120, Vector Labs) was added to the
pipette solution (135 mM K-gluconate, 5 mM NaCl, 10 mM HEPES, 10 mM EGTA, 1 mM MgCl2,
1 mM CaCl2, 5 mM MgATP, 0.1 mM Na2GTP, 299 mosmol/kg, pH 7.3) at a final concentration of
0.2% (w/v). Juxtacellular filling was achieved using voltage steps of 100-200 mV (depending on the
seal resistance) over 60 ms duration delivered at 10 Hz through an AxoClamp 2B amplifier (Axon
Instruments) for 30-90 min. After filling, sections were fixed depending on the subsequent application,
typically in 4% PFA at 4°C for 12 h. The next day sections were rinsed for 3x30 min in TBS and then
incubated with streptavidin-AlexaFluor 568 in incubation solution at room temperature for 4 h. After
further washes for 3x30 min sections were mounted and coverslipped with Aqua-Poly/Mount.

2.6 CONFOCAL MICROSCOPY AND RECONSTRUCTION OF NEURONS
Filled cells were examined on a Zeiss LSM 510 confocal microscope with LSM 510 software
(version 3.2). Image stacks were acquired at 0.4-0.9 µm intervals between each optical slice with a
40x/1.3 Plan Neofluar objective using 3x zoom. Laser intensities and detector gain were adjusted
using a range detector to avoid saturation or underexposure of pixel intensities. File conversion from
*.lsm to *.tif was done in FIJI (ImageJ version 1.46a).
For 2-dimensional reconstruction, image stacks were projected in the maximum intensity mode using
FIJI. Following this, images were manually assembled according to their overlapping areas in Adobe
Photoshop CS4, imported into Adobe Illustrator CS4 (both Adobe Systems) and cell somata and
neurites traced with the pencil tool adjusted to the fiber diameter in the image.
For 3-dimensional reconstruction, raw data image stacks were isosurface rendered in Amira (version
5.3, Visage Imaging, San Diego) using the Gaussian smoothing filter and Volume Edit tools. In the
case where multiple frames of a neuron needed to be reconstructed in a single file, image stacks were
stitched using the 3D Stitching plugin in FIJI in linear blend or maximum projection mode (Preibisch
et al., 2009).
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2.7 PREPARATION OF FIGURES
Image brightness and contrast levels were adjusted in FIJI and Adobe Photoshop using the Levels tool.
Image channel lookup tables were changed in FIJI wherever needed. The final figures were prepared
in Adobe Illustrator CS4.

2.8 DATA ANALYSIS AND PRESENTATION
Data were analyzed, processed and stored in Excel 2010 (Microsoft) and Prism (version 5, GraphPad
Software). Values are presented as average ± standard error of the mean. The kind of statistical test
used is indicated in respective figure legends. Probabilities <0.05 were denoted as statistically
significant.

34

3CHAPTER III
GNRH NEURON
AXONS, DENDRITES AND
INITIAL SEGMENTS

35

CHAPTER III

3.1 INTRODUCTION
This chapter addresses the initial aim of this thesis, to find and characterize the axonal origin of GnRH
neurons in detail. To unequivocally identify an axon it is crucial to discriminate it from a dendrite. As
outlined in the Introduction, previous investigators in the 1970s have had difficulties in defining
GnRH neuron axons and dendrites morphologically at the light microscopic level. This may be best
explained by the lower sensitivity and specificity of early antisera (Zimmerman et al., 1974; Naik,
1975; Hoffman et al., 1978) and the fact that GnRH peptide is mainly confined to dense core vesicles
which are not evenly distributed throughout the cell (Krisch, 1980; Jennes et al., 1985; Witkin and
Silverman, 1985). Thus, GnRH signal alone may not always reflect the cell’s actual morphology. In
recent years, however, a number of cytoskeletal proteins have been identified which specifically
localize to certain neuronal compartments.
The most abundant class of cytoskeletal proteins in neurons are the neurofilaments. Three subunits of
the neurofilaments are known, which, according to their molecular weight as observed on SDS-PAGE,
are categorized as light (68-70 kDa), medium (145-160 kDa) or heavy (200-220 kDa) subtypes.
Neurofilaments can be heavily phosphorylated and the degree of phosphorylation typically reflects the
subcellular location. For example, phosphorylated forms are predominantly found in the axon,
whereas unphosphorylated versions are more specific for somatic and dendritic compartments
(Sternberger and Sternberger, 1983). Another major constituent of the neuronal cytoskeleton are
microtubules. These thick filaments with a diameter of 25-28 nm can be found throughout neurons,
however, some members of the protein family of the microtubule-associated proteins (MAPs) are
highly selective for neuronal subcompartments. MAP2 and Tau, the major neuronal isoforms, regulate
the stability and assembly of microtubules. Typically, MAP2 is restricted to somatic and dendritic loci
(Caceres et al., 1983; Huber and Matus, 1984). Tau on the other hand is distributed throughout the
cytosol, but is highly phosphorylated in the axon only (Binder et al., 1985; Morris et al., 2011). Thus,
antisera against these proteins with specificity for their phosphorylation states provide valuable
markers for the discrimination of axons and dendrites in GnRH neurons. Moreover, the expression of
motor proteins moving cellular cargo along microtubules, such as kinesins and dyneins, can be used
for identification of neuronal subregions, as compartment-specific isoforms of the kinesin superfamily
proteins (KIFs) have been identified recently (Saito et al., 1997; Hirokawa et al., 2010).
After an initial screen for the utility of individual markers in the labeling of GnRH neuronal structures,
this chapter then defines morphological criteria of axons and dendrites and focusses on the position
and characteristics of action potential generating initial segments (ISs) in GnRH neurons.
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3.2 MATERIALS AND METHODS
3.2.1 Immunohistochemistry
Dual-label immunohistochemistry using markers for neuronal compartments was performed on
30 µm-thick microtome sections ranging from the MS to the ME as described in Chapter 2. The full
range of antibodies used, the neuronal compartment they are known to label and the number and sex of
animals analyzed are listed in Table 3-1. Except for β-3-Tubulin, experiments were performed on
tissue from GnRH-GFP mice using an anti-GFP antibody to increase the GFP signal in GnRH
neurons. For β-3-Tubulin, wildtype mice were used and GnRH neurons were labeled by an anti-GnRH
antibody. For all primary antibodies omission control experiments were performed, which consistently
resulted in a complete lack of specific label (Fig. 3-2, Fig. 3-3, Fig. 3-4).
The antiserum used to detect Ankyrin G has been described previously (Van Wart et al., 2007) and
labels axon initial segments in an identical fashion to other Ankyrin G antibodies (Kordeli et al., 1995;
Bennett and Lambert, 1999; Van Wart et al., 2007; Atherton et al., 2008).
The β-3-tubulin monoclonal antiserum has been widely used since the late 1980s as a general neuronal
marker and is referenced in more than 300 publications in PubMed (Caccamo et al., 1989; Moody et
al., 1989; Gass et al., 1990). It is known to label all compartments in most neuronal phenotypes.
The molecular motor protein kinesin-like protein 17 (KIF17) is specifically localized in dendrites. The
presently used antibody labeled similar structures as other KIF17 antisera (Setou et al., 2000) and its
specificity in western blots has been shown (Chung et al., 2009; Kristiansen et al., 2010).
Microtubule-associated protein 2 (MAP2) localizes to somatic and dendritic microtubules. The
specificity of the antiserum used in this study has been shown in western blots, where only a single
band was stained on homogenized brain tissue (Huber and Matus, 1984).
The monoclonal antisera against phosphorylated and dephosphorylated neurofilaments, SMI31 and
SMI32 have been characterized in detail (Sternberger et al., 1982; Sternberger and Sternberger, 1983).
SMI31 and SMI32 label axons and dendrites, respectively.
Antibodies against Tau1 label axons and fiber tracts. The monoclonal antiserum used in this study
labels five specific bands in western blots of whole brain homogenate (Binder et al., 1985).
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Table 3-1: Primary antibodies labeling neuronal compartments used in this chapter.

antibody/target

compartment

mouse line

# of animals

Ankyrin G

axon initial segment

GnRH-GFP

26 males

β-3-tubulin

entire neuron

WT

4 females

KIF17

dendrite

GnRH-GFP

1 male / 1 female

MAP2

soma, dendrite

GnRH-GFP

2 males / 4 females

SMI31 phosphorylated neurofilament

axon

GnRH-GFP

2 males / 4 females

SMI32 dephosphorylated neurofilament

dendrite

GnRH-GFP

2 males / 4 females

Tau1

axon

GnRH-GFP

2 males / 4 females

3.2.2 Cell filling and Ankyrin G Immunohistochemistry in Thick Sections
GFP-positive cells were filled in acute 200 µm-thick coronal, sagittal and ventral horizontal sections
of adult male GnRH-GFP mice and sagittal brain sections of adult male TH-GFP mice. The cell filling
was conducted as described in Chapter 2. After filling, sections were fixed in 4% PFA which was
initially at 20° C and then refrigerated at 4° C for 2 h. Following this, sections were rinsed 3x30 min in
TBS and then incubated with Ankyrin G antisera in high Triton incubation solution (0.6% (w/v) Triton
X-100 and 0.25% (w/v) bovine serum albumin in TBS, pH 7.6) with 2% normal donkey serum at 4° C
for ~48 h. Next, sections were again rinsed 3x30 min in TBS and then incubated with streptavidin
AlexaFluor 647 and donkey anti-mouse DyLight 549 in high Triton incubation solution at room
temperature for 4 h. After final washes 3x30 min, sections were mounted on slides and coverslipped
using Aqua-Poly/Mount.

3.2.3 Confocal Microscopy and Reconstruction of Neurons
Sections were examined on a Zeiss LSM 510 confocal microscope with LSM 510 software
(version 3.2). Image stacks were acquired at 0.6-0.8 µm (Ankyrin G experiments) or 0.9 µm intervals
(all other markers) with a 40x/1.3 Plan Neofluar objective using 3x zoom. Image stacks were projected
in the maximum intensity mode using FIJI (ImageJ version 1.46a) and brightness and contrast were
adjusted with Adobe Photoshop CS4 (Adobe Systems) using the “Levels” tool.
For 2-dimensional reconstruction of filled neurons, images were assembled according to their
overlapping areas in Adobe Photoshop CS4, imported into Adobe Illustrator CS4 and cell somata and
neurites were traced with the pencil tool adjusted to the fiber diameter in the image. Areas of
Ankyrin G and streptavidin dual-label were drawn in cyan to outline the extent of ISs. Measurements
of IS lengths and distances were performed in FIJI after all image stack frames of a neuron had been
stitched using the 3D Stitching plugin in FIJI in maximum projection mode (Preibisch et al., 2009).
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3.2.4 Defining Spines
In order to unequivocally identify spines in filled cells above background noise of the neurobiotin
signal, the dual-label of neurobiotin and endogenous GFP was analyzed. Only protrusions which
contained both neurobiotin and GFP as revealed by profile plots along a line through the putative
structure were classified as spines (Fig. 3-1 green line). Lack of GFP signal was taken as evidence that
the structure was neurobiotin background rather than a cellular protrusion (Fig. 3-1 magenta line).

Fig. 3-1: Methodological definition of spines.
A) Projection of a confocal image stack through a filled GnRH neuron dendrite (yellow). Directions of line
profile plots through two putative spines are indicated by arrows. Brackets and dashed lines point to respective
parts of the plots in B.
B) Plot of the endogenous GFP signal intensity along the lines in A. The protrusion analyzed by the magenta line
contains no GFP and is thus rejected as a spine. The protrusion analyzed with a green line contains GFP signal
and is confirmed as a dendritic spine.
Scale bar: A 2 µm.
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3.3 RESULTS
3.3.1 Immunohistochemistry for Dendritic and Axonal Markers
In order to define the GnRH neuron dendrite immunohistochemically and to distinguish it from the
axon, dual-labeling studies were undertaken using several antibodies against dendrite-specific
proteins. Also, the general neuronal marker β-3-tubulin was tested on GnRH neurons. All antibodies
were used on sets of brain sections containing the GnRH neuron continuum from the MS to the ME.
All GnRH neuron somata, dendrites and axons in these sections were visually screened for dual-label
under an epifluorescence microscope, and representative images were taken on a confocal microscope.
Omission of the primary antibodies consistently resulted in a complete lack of specific label (Fig. 3-2).
Antiserum against β-3-tubulin reliably labeled a dense network of somata, dendrites and axons of
unidentified neurons in the hypothalamus and other brain areas (Fig. 3-2 A). When dual-labeling for
GnRH and β-3-tubulin was performed on coronal brain sections from the MS to the ME, no dual-label
was observed in any GnRH neuron compartment (Fig. 3-2, A1; 76 sections analyzed from 4 adult
female animals).
The MAP2 antibody labeled a dense network of dendrites of various diameters in the hypothalamus
(Fig. 3-2 B). GnRH neurons showed no dual-label in any compartment (Fig. 3-2 B1; 106 sections
analyzed from 2 adult male and 4 adult female animals).
The dendritic marker dephosphorylated neurofilament (NF SMI32) labeled relatively fewer
dendrites of hypothalamic neurons than the MAP2 antibody (Fig. 3-2 C). GnRH neuron dendrites were
not labeled (Fig. 3-2 C1; 108 sections analyzed from 2 adult male and 4 adult female animals).
KIF17 localized to thick-diameter dendrites in neurons surrounding GnRH neurons (Fig. 3-2 D), but
no label was detected in any GnRH neuron from the MS to the ME (Fig. 3-2 D1; 63 sections analyzed
from 1 adult male and 1 adult female animal).
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Fig. 3-2: No Expression of immunohistochemical dendritic markers in GnRH neuron dendrites.
A,A1) The general neuronal marker β-3-tubulin (red) is not expressed by GnRH neurons (green).
A2) Omission of the primary antibody results in a complete lack of label.
B,B1,B2) Microtubule-associated protein 2 (MAP2, red) shows no colocalization with any GnRH neuron
structure (green). Primary antibody omission yields no label.
C, C1,C2) Antibodies against dephosphorylated heavy neurofilaments (NF SMI32, red) show no label in GnRH
neurons (green). Primary antibody omission yields no label.
D, D1,D2) Dendrite-specific kinesin-like protein 17 (KIF17, red) is absent from GnRH neurons (green). Primary
antibody omission yields no label.
Scale bars: all images 20 µm.
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Fig. 3-3: No Expression of immunohistochemical axonal markers in GnRH neuron fibers.
A,A1,A2) The axonal marker Tau1 (red) shows no colocalization with GnRH neuron fibers (green) in the ME
(coronal view). Primary antibody omission yields no label
B, B1,B2) Antibodies against phosphorylated heavy neurofilaments (SMI31, red) do not label GnRH neuron
fibers running ventrally along the third ventricle (sagittal view). Primary antibody omission yields no label
Scale bars: All images 20 µm.

Since the markers tested were unable to label GnRH neuron dendrites, antisera against axon-specific
proteins were used next to label GnRH neuron axons.
The antibody against Tau1, a microtubule-associated protein, labeled a few axons in the rPOA and
the ME (Fig. 3-3 A). Their number was much smaller compared to GnRH-positive fibers and no duallabeling was observed in confocal images (Fig. 3-3 A1; 250 sections analyzed from 2 adult male and
4 adult female animals).
Fibers labeled for phosphorylated neurofilament (NF SMI31) were observed in large numbers in
fiber tracts around the third ventricle (Fig. 3-3 B). Varicose GnRH neuron fibers in the same tracts or
anywhere else, however, were never labeled by this antibody (Fig. 3-3 B1; 109 sections analyzed from
2 adult male and 4 adult female animals).
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3.3.2 Immunohistochemistry for the Axon Initial Segment Marker Ankyrin G
As I was unable to label any GnRH neuron dendrites or axons with common markers of dendrites and
axons, other useful markers of neuronal compartments were examined. The action potential generating
IS of the axon is an (ultra-) structurally specialized site with a unique molecular composition (Kole
and Stuart, 2012). One of the unique proteins at the IS is Ankyrin G that acts as a scaffolding adapter
protein to accumulate large numbers of voltage-activated ion channels needed for the generation of
action potentials (Grubb et al., 2011; Kole and Stuart, 2012). In myelinated neurons, Ankyrin G can
also localize to the nodes of Ranvier, where it is likewise needed to recruit ion channels (Kordeli et al.,
1995).
When performing immunohistochemical labeling for Ankyrin G on 30 µm-thick coronal sections,
discrete label could be observed in the rPOA in short parts of fibers over ~20-30 µm or in small
elongated puncta (Fig. 3-4 A). Based on earlier studies these elements were identified as axon ISs or
nodes of Ranvier, respectively (Kordeli et al., 1995). Because of their stronger fluorescence and
unique morphology these structures were easily discernible from the nonspecific blood vessel labeling
of the secondary antibody (Fig. 3-4 A, A1). Next, dual-labeling with GFP was performed on tissue
from GnRH-GFP animals and GnRH neurons in the rPOA were examined for dual-labeling using
confocal microscopy (32 cells; 1 female, 5 males). In six GnRH neurons, discrete Ankyrin G label was
observed (Fig. 3-4 B). This staining always occurred in only one portion of each cell and was often
less intense than in neighboring unidentified neurons. Node of Ranvier-like patches were never
observed in GnRH neurons. Surprisingly, in five GnRH neurons the Ankyrin G signal was located in a
neurite with dendritic morphology, i.e. with a large diameter and with spiny protrusions (Fig. 3-4 C).
A typical axon-like fiber with Ankyrin G in its proximal portion was only observed in one cell. This
heterogenic labeling in dendrites and axons suggested that, in GnRH neurons, Ankyrin G is not useful
in discriminating axonal from dendritic compartments.
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Fig. 3-4: Ankyrin G labels the IS in GnRH neurons.
A) Confocal z-projection of the Ankyrin G signal (red) in the rPOA. ISs of unidentified neurons (some indicated
by arrows) and individual nodes of Ranvier (some indicated by arrowheads) can be observed.
A1) Omission of the primary antibody results in a weak residual staining of blood vessels, which is easily
discriminated from the specific Ankyrin G signal.
B) Projection of confocal image stacks of a GnRH neuron (green) which has been labeled using the Ankyrin G
antibody (red). Note only parts of the neurite are dual-labeled (arrows, yellow). The boxed area outlines the high
magnification inset in C.
C) Individual spines (arrowheads) can be observed in the thick proximal part of the IS bearing neurite, indicating
it is a dendrite.
Scale bars: A, B 10 µm; C 5 µm.
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3.3.3 Defining Morphological Criteria for GnRH Neuron Axons and Dendrites
Since none of the markers were able to assist in the discrimination between axons and dendrites, I had
to resort to morphological criteria for further investigations of the GnRH neuron neurites. The gold
standard for light microscopy based analyses of neuronal morphology is dye-filling of individual
neurons in acute brain slices. Low molecular weight molecules, such as neurobiotin (molecular
weight 323), are able to diffuse evenly into every aspect of the cell and thus reliably label the cell’s
contour. This is in contrast to immunohistochemical labeling of cellular proteins, which usually are not
evenly distributed, and superior to the transgenic or viral expression of markers, which typically labels
multiple neurons and as such hampers single neuron characterization.
In order to sample the bandwidth of GnRH neuronal morphologies and to define criteria for
compartmental nomenclature for GnRH neurons, random individual GnRH neurons were
juxtacellularly filled with neurobiotin in acute sagittal brain slices of adult GnRH-GFP mice. The
neurobiotin was subsequently labeled with a fluorophore-conjugated streptavidin and high resolution
micrographs were taken using a confocal microscope. Overall, 29 GnRH neurons (MS: 4 cells; rPOA:
17 cells; AHA: 8 cells) were filled in slices from 11 animals (5 males, 6 females) and single neurites
were followed for up to 2380 µm. The great majority of cells were of a bipolar type (66%) with
dendrites emerging from either pole of the fusiform somata (Fig. 3-5 A, D). These dendrites always
bore numerous spines in proximal regions, but had varying numbers of spines further distally.
Filopodia, thin cytoplasmic extensions with much greater lengths than spines, were occasionally
observed on somata or dendrites (Fig. 3-5 A). A second, somewhat intermediate morphology, was
termed “pseudobipolar” (24% of the cells), as these cells, in addition to a thick and long primary
dendrite, had a single short dendrite extending for up to 150 µm until it ended in the neuropil (Fig. 3-5
B). These short dendrites often ended deep in the slice, and thus are not a cutting artifact due to the
slice preparation. Unipolar neurons with a single thick primary dendrite were the least frequent group
(10% of the cells; Fig. 3-5 C). Axons were observed in 17% of the cells examined. They were
characterized as very thin fibers which were always devoid of spines and tapered within 5 µm of their
origin to their final diameter (Fig. 3-5 D). Axons arose from either the soma or proximal dendrite
(primary or secondary).
The terminology defined here will be used throughout the rest of this thesis.
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Fig. 3-5: Definitions of GnRH neuron morphologies and compartments.
Shown are projections of confocal image stacks of filled GnRH neurons.
A) The most frequent morphology observed is a bipolar neuron with two dendrites extending from either cell
pole. The thicker dendrite is termed “primary dendrite”, the thinner one “secondary dendrite”. Dendrites always
bear spines (some indicated with arrowheads) in proximal regions, but may have a very low spine density further
distal. Filopodia (asterisks) may be observed on somata and/or dendrites.
B) Many GnRH neurons have pseudobipolar morphology with one “short dendrite” extending for up to ~150 µm
in addition to a much longer “primary dendrite”.
C) Unipolar GnRH neurons only extend one single “primary dendrite” which bears spines (arrowheads).
D) “Axons” (small arrows) are sometimes observed emerging (large arrow) from the soma or proximal dendrite.
They are always devoid of spines, even at their origin, and taper to their very thin final diameter within 5 µm.
Scale bars: 10 µm.
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3.3.4 Positions of Initial Segments in GnRH Neurons
The primary aim of this study, as stated in Section 1.5, was to characterize the axonal origin in order to
better understand the signal integration properties of GnRH neurons. This morphological landmark
was chosen because in a classical neuron it is the site of integration from graded synaptic potentials to
the generation of the action potential. The morphological study in Section 3.3.3 demonstrated that
classical axons can only be detected in some GnRH neurons. In addition, and more importantly,
experiments conducted in Section 3.3.2 had demonstrated that Ankyrin G labeling, a molecular
correlate of the action potential generating IS, was present in GnRH neurons. This labeling therefore
provided a valuable tool for the assessment of the site of integration in GnRH neurons irrespective of
the individual cell’s morphology. For this reason, analyses of Ankyrin G-positive ISs in GnRH
neurons were conducted, as they more reliably describe sites of action potential initiation than the
morphologically identified axon.
Ankyrin G labeling was analyzed in 164 GnRH neurons from 26 male adult GnRH-GFP mice. These
cells were derived from either sections of perfusion-fixed tissue (36 cells, traced by endogenous GFPlabel) or from acute brain slices of various orientations (see also Section 3.2.2) containing both filled
(52 cells) and unfilled (72 cells, traced by endogenous GFP-label) GnRH neurons. The perfusion-fixed
sections were cut in 50 µm-thick sagittal sections to keep GnRH neuron neurites intact over longer
distances than in the initial study (30 µm-thick; Section 3.3.2). For the same reason GnRH neurons
with endogenous GFP-label were analyzed in acute 200 µm-thick slices. Although they could not be
analyzed in such great detail as filled neurons (their spine density appeared to be lower), the GFP
signal was still strong enough to allow analyses over long distances. In the MS, rPOA (excluding
OVLT) and AHA, 120 GnRH neurons were imaged and Ankyrin G-positive ISs were observed in 42%
of these cells (22 filled cells, 28 unfilled cells). In the area surrounding the OVLT, non-specific
background staining was prominent, which hampered the analysis and resulted in only 20% of GnRH
neurons being reliably dual-labeled in this area (44 neurons analyzed from 10 male animals;
Ankyrin G observed in 1 filled cell and 8 unfilled cells). Neurites of unfilled and filled GnRH neurons
without Ankyrin G label were followed for up to 780 µm and 1450 µm, respectively.
Figures 3-6, 3-7 and 3-9 show reconstructions of representative examples of ISs in GnRH neurons in
the MS, rPOA and AHA, respectively.
Because GnRH neurons projecting to the OVLT had a morphology different from the rest of the
rPOA, they were analyzed separately as an “OVLT” group (Fig. 3-8). Therefore, from now on “rPOA”
only refers to GnRH neurons in the rPOA without projections to the OVLT unless otherwise stated.
In-depth morphometric analyses of the lengths, distances and positions of the ISs are then presented in
Section 3.3.5.
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Fig. 3-6: Positions of ISs in GnRH neurons located in the MS.
Reconstructions of representative GnRH neurons with Ankyrin G label, taken from sagittal (A-C, E) or coronal
sections (D), respectively. The position of the ME is always towards the bottom right.
A,D,E) GnRH neurons with the IS (cyan) in the secondary dendrite.
B) GnRH neuron with the IS in an axon emerging from the dorsal dendrite.
C) GnRH neuron with the IS in the primary dendrite.
Note all IS containing neurites project in the ventrocaudal direction.
Scale bar: 50 µm. Neurites are not shown in their full length.

In the MS, 19 GnRH neurons with ISs were analyzed. Ankyrin G was observed in primary and
secondary dendrites at varying distances from the soma (Fig. 3-6 A, C-E). Axons with ISs were also
observed (Fig. 3-6 B). As a rule, the IS containing neurite projected in ventrocaudal direction.
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Fig. 3-7: Positions of ISs in GnRH neurons located in the rPOA without projections to the OVLT.
Reconstructions of representative GnRH neurons with Ankyrin G label, taken from sagittal sections.
A) Unipolar GnRH neuron with a long IS (cyan) in the dendrite.
B,C,D) GnRH neurons with the ISs in their secondary dendrites.
E) GnRH neuron with the IS in an axon emerging from the proximal primary dendrite.
Note varying lengths of ISs and that all IS containing fibers project ventrocaudally.
Scale bar: 50 µm. Neurites are not shown in their full length.

The situation in the rPOA was similar to the MS. Twenty GnRH neurons with Ankyrin G dual-label
were identified and ISs were located in dendrites or axons (Fig. 3-7). Again, IS containing neurites
projected in a ventrocaudal direction.
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Fig. 3-8: Positions of ISs in GnRH neurons with projections to the OVLT.
Reconstructions of GnRH neurons with Ankyrin G label taken from coronal sections. For clarity, neurons from
different animals have been collated and positioned in original locations around the OVLT (dashed line). X
indicates neurites that continue but are omitted for simplification.
A) GnRH neuron with an IS (cyan) containing secondary dendrite which elaborates a complex dendritic tree in
the OVLT.
B,C) GnRH neurons with dendrites as well as an IS containing axon projecting into the OVLT.
D,E) GnRH neurons with ISs in secondary dendrites projecting away from the OVLT in a ventrolateral direction.
Scale bar: 50 µm.

GnRH neurons projecting to the OVLT had a more branched morphology than conventional GnRH
neurons in the rPOA and Ankyrin G was detected in dendrites or axons (Fig. 3-8). Interestingly, the IS
was located either in a neurite entering the OVLT (Fig. 3-8 A-C), or in a dendrite following the
laterobasal pathway (Fig. 3-8 D, E). Moreover, in addition to axonal fibers, dendrites appeared to enter
the OVLT as well. These curious observations suggested that the subpopulation around the OVLT
comprised a special phenotype of GnRH neurons and initiated separate analyses that will be described
in detail in Chapter 5.
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Fig. 3-9: Positions of ISs in GnRH neurons located in the AHA.
Reconstructions of GnRH neurons with Ankyrin G label, taken from ventral horizontal (A, C-E) or sagittal
sections (B).
A) GnRH neuron with the IS (cyan) in the secondary dendrite.
B) Pseudobipolar GnRH neuron with the IS in the primary dendrite.
C) GnRH neuron with the IS in the secondary dendrite.
D) GnRH neuron with the IS in an axon emerging from the distal primary dendrite.
E) GnRH neuron close to the ME with the IS in an axon emerging from the proximal dendrite. The axon
branches extensively in the ME. The primary dendrite also projects into the ME.
Note all IS containing neurites (except B) project in the direction of the ME.
Scale bar: 100 µm. Neurites are not shown in their full length.

Eleven GnRH neurons in the AHA contained ISs in dendrites and axons (Fig. 3-9). Again, IS bearing
neurites projected caudally in the direction of the ME, however there was also an example of a neuron
which extended its dendrite rostrally (Fig. 3-9 B). Dendrites without IS were observed to enter the ME
too (Fig. 3-9 E).
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3.3.5 Morphometric Analyses of GnRH Neuron Initial Segments
The 59 GnRH neurons with ISs were examined morphometrically in order to define typical lengths,
distances and positions of ISs within GnRH neurons.
Lengths of ISs in GnRH neurons were similar in all regions from the MS to the AHA (Fig. 3-10,
p=0.8404; Kruskal-Wallis test). In the MS, “OVLT”, “rPOA” and AHA, ISs were 51±4 µm, 48±6 µm,
74±12 µm and 52±6 µm long, respectively (MS 13 cells, OVLT 5 cells, rPOA 17 cells, AHA 10 cells).
The average IS length of GnRH neurons of all areas combined was 60±5 µm.

Fig. 3-10: Lengths of ISs in relation to the GnRH neuron location.
Initial segments of GnRH neurons are of similar length in all populations.
Numbers of neurons are stated in the bars. Kruskal-Wallis test p=0.8404.
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Next, the distance of the proximal end of the IS to the soma was measured in all neurons (Fig. 3-11).
Average distances varied between the populations (MS 48±10 µm, 19 cells; rPOA 81±18 µm, 20 cells;
OVLT 27±7 µm, 9 cells; AHA 82±27 µm, 11 cells), but were not significantly different (p=0.3019;
Kruskal-Wallis test).

Fig. 3-11: Distances of the IS from the soma in relation to the GnRH neuron location.
The distance between soma and beginning of the IS was measured.
Numbers of neurons are stated in the bars. Numbers are larger than in Fig. 3-10, because neurons with fibers cut
within the IS were only included in the analysis of the distance, not length. Kruskal-Wallis test p=0.3019.

When analyzing the distances in relation to the kind of neurite the ISs were located in, certain trends
of distribution became apparent. In primary dendrites, ISs were always located at least 63 µm from the
soma and could be observed as distal as 285 µm (Fig. 3-12, n=13 cells). On the contrary, in the thinner
secondary dendrites, ISs were clustered closer to the soma and were mostly located within the first
110 µm of the dendrite (Fig. 3-12, n=31 cells). In the cases where the IS was located in an axon, the IS
typically appeared even closer to the soma, within 50 µm (Fig. 3-12, n=14 cells). Combined, the
locations of ISs in dendrites and axons concentrated in two clusters, one near the soma and one around
~80 µm from the soma (Fig. 3-13). These clusters mark the typical distances at which an IS can be
expected in a randomly sampled population of GnRH neurons in a brain slice.

53

CHAPTER III

Fig. 3-12: Distribution of distances of ISs from the soma across different neuronal compartments.
The distance between soma and start of the IS was measured. Means ± SEMs are stated within each panel. ISs in
primary dendrites are located >70 µm from the soma out on the dendrite. In secondary dendrites ISs are mainly
located within 110 µm of the proximal dendrite. Axon ISs appear typically within 30 µm from the soma.
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Fig. 3-13: Distribution of distances of ISs from the soma.
Data from Fig. 3-12 are pooled. Two clusters of IS distances can be observed. Note the cluster close to the soma
is made up solely of secondary dendrites and axons, whereas the cluster around 80 µm consists only of primary
and secondary dendrites. Larger distances are typically only achieved by larger diameter primary dendrites.

The distribution of subcellular compartments in which Ankyrin G label was observed was analyzed
next. In the MS, rPOA and AHA, ISs were located in the secondary dendrite in most of the cases (Fig.
3-14; MS 61%, n=18 cells; rPOA 50%, n=20 cells; AHA 45%, n=11 cells). Among OVLT-projecting
neurons, however, axons were the predominant IS containing compartment (56%, n=9 cells). Primary
dendrites with ISs were observed more frequently in the MS (28%) and rPOA (30%) than in the
OVLT (11%) and AHA (18%). Overall, 76% of the ISs analyzed were located in a dendrite
(n=58 cells analyzed). Close analysis of the positions of the GnRH neurons with axon IS revealed that
they were more frequently located in areas near the OVLT and ME, the two hypothalamic CVOs (Fig.
3-15, p=0.004; Fisher’s exact test). In regions distant from the CVOs (>150 µm from their outer
margin), only 14% of the cells elaborated an axon IS (n=44 cells). On the contrary, areas near the
CVOs (within 150 µm of the outer margin) contained GnRH neurons with axon ISs in 53% of the
cases (n=14 cells).
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Fig. 3-14: Type of compartment containing the IS in relation to GnRH neuron location.
Secondary dendrites are the main GnRH neuronal compartment to contain the ISs in the MS, rPOA and AHA.
The proportion of axons with ISs is increased around the OVLT and in the AHA.
Numbers are stated in the bars.

Fig. 3-15: GnRH neurons near CVOs elaborate axons more frequently.
GnRH neurons distant from the OVLT or ME have ISs mainly in their dendrites, whereas the majority of GnRH
neurons in the vicinity of CVOs (within 150 µm of the outer margin of OVLT or ME) elaborate axons with ISs.
Numbers are stated in the bars. Fisher’s exact test p=0.004.
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Finally, GnRH neuron neurites were examined asking the question as to the location of the IS in
relation to the directional orientation of the process. For this they were categorized in three groups:
“ventral/caudal”, “dorsal/rostral” and “axon”.
GnRH neurons are typically arranged in a vertical or oblique manner and were thus categorized into
the “ventral/caudal” group, when the IS containing dendrite emerged in a ventrocaudal fashion from
the soma (Fig. 3-16 light gray in schematic). In a sagittal section this orientation represents a
projection in the direction of the ME. Conversely, a dendrite emerging dorsorostrally from the
opposite cell pole was categorized as “dorsal/rostral”, i.e. projecting away from the ME (Fig. 3-16
intermediate gray in schematic). Axons were grouped separately, as they emerged from various
locations and were difficult to categorize. Interestingly, in the MS, most neurons had their IS in the
ventral/caudal dendrite (Fig. 3-16; 57%, n=14 cells). In the rPOA and AHA on the other hand the
distributions were more even. GnRH neurons around the OVLT were not included in this analysis, as
they are reported to take both the periventricular and laterobasal pathways (Burchanowski and
Sternberger, 1980; Kawano and Daikoku, 1981; Bennett-Clarke and Joseph, 1982; King et al., 1982;
Witkin et al., 1982) and are thus difficult to categorize in respect to the ME.

Fig. 3-16: Initial orientation and direction of projection of IS-containing neurites.
The schematic on the left demonstrates the analytical approach and categorization used in the diagram. In a
sagittal slice the ME is located in a ventrocaudal direction in respect to most GnRH neuron somata. Therefore a
neurite in the ventral/caudal quadrant (light gray) represents a projection towards the ME. Conversely, a neurite
in the dorsal/rostral quadrant (intermediate gray) represents a projection away from the ME. Axons (dark gray,
on histogram only) were categorized separately due to their diverse origin.
In the MS, the ventral/caudal dendrites contain the IS in the majority of cases, whereas in the rPOA and AHA
the distribution is more even.
Neurons projecting into the OVLT were excluded from this analysis, as their orientation in respect to the ME
was difficult to determine.
Numbers are stated in the bars.

57

CHAPTER III

Fig. 3-17: Eventual orientation and direction of projection of IS-containing neurites.
The eventual ventral/caudal category (dark gray) includes neurons from previous groups in Fig. 3-16 if the IS
(cyan) containing neurite eventually projects in the direction of the ME, i.e. neurons with ISs in the dorsal/rostral
quadrant are included if the fiber performs a loop and turns back ventral/caudal.
In almost all GnRH neurons examined, the IS containing neurite eventually projects in the direction of the ME.
Axons were included in this category.
Neurons projecting into the OVLT were excluded from this analysis, as their orientation in respect to the ME
was difficult to determine.
Numbers are stated in the bars.

Since hairpin-like loops of dorsal/rostral dendrites are commonly observed in GnRH neurons, a fourth
category was generated which comprised all dendrites and axons of the previous groups if they turned
and eventually projected into the ventral/caudal direction to the ME (Fig. 3-17 dark gray quadrant in
schematic). Remarkably, the great majority of GnRH neurons fit in this category because almost all IS
containing neurites eventually projected in the direction of the ME (Fig. 3-17; MS 93%, n=14 cells;
rPOA 93%, n=15 cells; AHA 90%, n=10 cells).
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3.3.6 Dendritic Morphology beyond the Initial Segment
In order to assess whether Ankyrin G label in dendrites marks the transition of the dendrite into an
axon or whether dendritic morphology persists beyond the IS, dendrites of filled GnRH neurons were
analyzed for the presence of spines beyond the IS (17 cells from 13 adult male animals). Whereas
spines were always present proximally to the ISs, in several cases spines were clearly observed distal
to the IS as well (52% of the cells; Fig. 3-18). However, there were also cases in which no spines
could be detected distal to the IS (24% of the cells) or in which the quality of the labeling did not
allow unequivocal spine definition (24% of the cells). Still, these dendrites were of larger diameter
than axons and continued to taper which suggested they were smooth dendrites.

Fig. 3-18: GnRH neuron dendrites can bear spines distal to the IS.
Reconstruction of a filled GnRH neuron (red). Letters a-c indicate the positions of high magnification insets.
Cyan outlines the extent of the IS according to Ankyrin G label.
a) Dendrite proximal of the IS with 3 spines (arrowheads).
b) Ankyrin G label (cyan, arrows) marking the IS in the dendrite (red). Note that only part of the IS is shown.
c) Dendrite distal to the IS with several spines (arrowheads).
Scale bars: Reconstruction 50 µm; insets a, c 5 µm; inset b 2 µm. Dendrites are not shown in their full length.
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3.3.7 Morphological Observations at the GnRH Neuron Initial Segment
Among the 59 GnRH neurons with ISs some interesting but infrequent special morphologies were
observed. In some neurons (10 cells) dendritic spines, indicative of excitatory synaptic input, were
present within the region of Ankyrin G label (Fig. 3-19 A). Further, a single case of close contact
dendritic bundling was observed between an IS containing dendrite and the proximal dendrite of
another GnRH neuron (Fig. 3-19 B). Finally, in yet another case, the IS of a GnRH neuron was
targeted with synapse-like varicosities by the apical dendrite of a second pseudobipolar GnRH neuron
(Fig. 3-19 C).
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Fig. 3-19: Morphological specializations at the GnRH neuron IS.
A) Reconstruction of an AHA GnRH neuron (green) with an IS (cyan) that bears spines. a indicates location of
high magnification insets.
a1) Endogenous GFP showing multiple spines (arrows) in the region of the IS.
a2) Ankyrin G signal (arrowheads) within the dendrite.
B) Reconstruction of a filled MS GnRH neuron (red) with an IS (cyan) in the dendrite that bundles with the
proximal dendrite of another GnRH neuron (green). b indicates the position of the high magnification insets.
b1) The dendrite of the filled cell (red) makes contact (arrows) with the proximal dendrite of the unfilled GnRH
neuron (green).
b2) Ankyrin G signal (arrowheads) within the dendrite. A second IS of an unidentified neuron ”sandwiches” the
dendrite of the GnRH neuron on the opposite side.
C) Reconstruction of a filled pseudobipolar (i.e. bipolar with one dendrite being very short) GnRH neuron (red)
in the MS with its short dendrite forming varicose appositions onto the IS (cyan) of a second unfilled GnRH
neuron (green).
c1) High magnification of the juxtaposed varicosities onto the IS (c2).
Scale bars: Reconstructions 50 µm (C); insets 5 µm. Dendrites are not shown in their full length, except for the
varicose dendrite in C.
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3.3.8 The Initial Segment of Dopaminergic Neurons in the Arcuate Nucleus
The previous sections of this chapter have provided evidence that ISs in GnRH neurons are located in
the dendrites in the majority of cases. To test whether this is a unique property of the GnRH neuron or
whether they share this morphology with other hypophysiotropic neuroendocrine neurons,
dopaminergic neurons in the arcuate nucleus were analyzed for their ISs. These cells release dopamine
from nerve terminals in the ME, which regulates prolactin release from the pituitary (Voogt et al.,
2001). For this experiment, dopaminergic neurons were identified according to their GFP expression
in acute sagittal brain slices of TH-GFP mice and juxtacellularly filled with neurobiotin through a
patch pipette. The dopaminergic neurons had distinct axons and dendrites which easily could be
discriminated from each other. Dendrites where thick in diameter and elaborated large numbers of
long spines, while small caliber axons originated from the soma or proximal dendrite and were devoid
of spines (Fig. 3-20). Importantly, in all cells examined, Ankyrin G localized only to the proximal
section of the axon (Fig. 3-20; 4 cells from 2 animals). More distally, the smooth axon ramified in the
ventromedial arcuate nucleus and entered the ME. The dendrites were never observed to enter the ME.

Fig. 3-20: Ankyrin G labels only the IS in neuroendocrine dopaminergic neurons.
Reconstruction of a filled dopaminergic neuron (red) in a sagittal section of the arcuate nucleus of a TH-GFP
mouse. Two thick, spiny dendrites (a, b) are readily discernible from a single smooth axon (c, d) which emerges
from the soma and proximally contains Ankyrin G label (indicated cyan) and then branches extensively into the
ME (dashed line; as defined by the dense GFP-labeled fiber plexus from other dopaminergic neurons).
a,b) High magnification insets of dendritic sections marked in the reconstruction. A number of long spines are
visible on the dendrite (red) and no colocalized Ankyrin G signal (cyan) can be detected.
c) Ankyrin G label (section indicated by arrowheads) can be observed in the axon near its origin from the soma.
Note the thin fiber diameter and the absence of spines.
d) High magnification inset of a more distal portion of the axon. Spines are absent and no colocalized Ankyrin G
is detected.
Scale bars: reconstruction 50 µm; insets 5 µm.
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3.4 DISCUSSION
Studies in this chapter have concentrated on defining the axonal origin in GnRH neurons. As a first
step I tried to discriminate axons from dendrites using molecular markers and immunohistochemistry.
These experiments showed that classical markers for neuronal compartments are not expressed by
GnRH neurons. Instead, I found that Ankyrin G, a known marker for axon ISs, was expressed in
GnRH neuron neurites with dendritic morphology. To verify whether this dendritic location was real I
resorted to morphological criteria to define GnRH neuron axons from dendrites. With these
morphological definitions at hand I then went on to characterize the location of ISs in GnRH neurons
in detail.
Widely used immunohistochemical markers of neuronal compartments were unable to label any
GnRH neuron subregion. This was unexpected since these markers have been used in many previous
studies. The neuronal marker β-3-tubulin has been reported in several hundred studies to label neurons
in the brain including the hypothalamus (Tan et al., 2009). In line with this, the present experiments
showed a dense network of somata and fibers. Similarly, MAP2 has been described in dendrites and
somata of neurons in all brain regions (Huber and Matus, 1984; Binder et al., 1985) and the present
observations in unidentified neurons of the rPOA are congruent with this. Neurofilaments exist in
phosphorylated and unphosphorylated forms depending on their subcellular location within the neuron
(Sternberger et al., 1982; Sternberger and Sternberger, 1983). Interestingly, tissue processing can
impact on the state of phosphorylation and thus presence of epitopes (Poltorak and Freed, 1989).
However this is unlikely to be a confounding factor in the present study, as multiple neuronal
structures were labeled in the immediate vicinity of GnRH neurons. KIF17 is a motor protein
migrating along microtubules in dendrites and somata in neurons of various brain regions and is
generally absent from the axons in white matter tracts (Setou et al., 2000). The apparent absence from
GnRH neurons suggests that, in these cells, cellular cargo may be moved by other members of the KIF
family (Hirokawa and Noda, 2008). The microtubule-associated protein Tau1 is abundant in many
brain areas (Binder et al., 1985) and is known to label hypothalamic neurons (Diaz et al., 1992). This
is in agreement with the present observation of Tau1-positive fibers in the ME region. Overall, the
curious and unexpected finding that classical immunohistochemical markers failed to label GnRH
neurons may be best explained by their unusual origin from the olfactory placode from non-neuronal
precursors and suggests that structural elements of GnRH neurons may be different from other
neuronal phenotypes (Wray, 2010).
The present study provides valuable insight into the positions of ISs in GnRH neurons, however it
cannot claim to describe the situation in its entirety since ISs were observed only in about 40% of the
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cells examined. Apart from the unlikely possibility that some GnRH neurons indeed lack ISs, this may
be due to several methodological constraints.
Firstly, insufficient label within thin axons may have led to a lack of observation of ISs in some
neurons. However, while this cannot be ruled out, this seems unlikely since the analyses were made
using a mouse line with extremely bright GFP fluorescence which in addition was amplified using
anti-GFP antibodies. Relying on this signal allowed me to frequently observe axonal fibers. Further,
cell filling experiments employed the low molecular weight tracer neurobiotin (MW 323) which is
widely used to trace neuronal morphologies including axonal projections. Again, using this tracer,
axons were successfully labeled in a number of neurons, indicating that lack of axonal label was a
negligible caveat in this study.
Second, it is possible that ISs in some GnRH neurons are farther distal in the dendrite than can be
observed in a slice preparation in which neurites are inevitably cut during the slicing procedure. In line
with this, ISs were observed as distant as 285 µm from the soma, demonstrating that GnRH neuron ISs
can be situated quite distally. Yet, some dendrites of filled neurons were imaged for up to 1450 µm
without observing an IS. However, whether ISs more than 1.5 mm from the cell body are plausible is
questionable. Nevertheless, it remains likely that a number of ISs have been missed due to cutting of
the neurites in the slice preparation and thus one has to keep in mind that this preparation will at least
to some degree bias the results towards observations closer the soma. This in turn would suggest that
the currently observed proportion of GnRH neurons with ISs close to the cell bodies, i.e. in axons and
secondary dendrites, is an overestimate.
Finally, and most importantly, it was noted that GnRH neuron ISs often had weaker label than ISs
from unidentified neurons in the vicinity. This may hint at generally lower levels of Ankyrin G
expression in GnRH neurons. Indeed, preliminary experiments with whole IgG secondary antibodies
had failed to observe GnRH neuron ISs and only the use of smaller antibody fragments, which
increase the amount of fluorescent dye per epitope, yielded successful label. As a consequence it is
likely that the IS exists in a number of GnRH neurons, but since their Ankyrin G content was below
the detection level of the method used they appeared as false-negatives.
GnRH neurons with axons were observed mainly in the immediate vicinity of the OVLT and ME. This
may hint at the presence of trophic “axon-inducing” factors released in the CVOs, which may cause
GnRH neurons to extend axons in addition to dendrites once they have migrated into these areas.
Functionally, the more classical form of neuronal polarity in these neurons, with dendritic input being
separated from axonal action potential generation, suggests that these neurons may integrate inputs
differently and have signaling properties unlike the other GnRH neurons. Notably, some of the GnRH
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neurons extended dendrites into the OVLT, which as a CVO lacks a BBB, where they may have
contact with peripheral blood. This interesting observation will be investigated further in Chapter 5.
A dendritic location of the GnRH neuron IS segment was the predominant form observed. This is
somewhat in line with an electron microscopic study which failed to find axon hillocks and reported
that in the POA “most of the GnRH-positive processes can be classified as dendrites” (Kozlowski et
al., 1980), which in other words means that GnRH neuron axons are rare. More importantly, the
present observations are in strong agreement with recent electrophysiological data on the GnRH
neuron dendrites. Dual recordings from GnRH neuron somata and dendrites have indicated the
dendrite as the primary action potential generating compartment, although action potentials in some
neurons were also generated close to the soma (Roberts et al., 2008; Iremonger and Herbison, 2012).
These findings are supported by the current observation that random sampling of GnRH neuron ISs
results in a bimodal distribution of IS distances from the soma (Fig. 3-13). Also, dendritic sodium
imaging in GnRH neurons had revealed the highest sodium channel density to be at 65±12 µm from
the soma, whereas present Ankyrin G data similarly suggest IS starting points at 48±10 µm in MS and
81±18 µm in the rPOA (Iremonger and Herbison, 2012). Together, the present data provide a
morphological correlate to the electrophysiological observations of action potential generation in the
GnRH neuron dendrites. The preliminary experiment on arcuate nucleus dopaminergic neurons,
however, was unable to extend this observation to other neuroendocrine cells. This, to the best of my
knowledge, makes the GnRH neurons a unique phenotype with dendritic action potential generation in
the hypothalamus.
The distance of the IS from the soma appeared to correlate with the type of neurite it was located in.
For instance, in the primary dendrite, the largest diameter process, ISs were only found at distances
larger than 70 µm. ISs in secondary dendrites with relatively thinner diameter were located within
110 µm from the soma, whereas the thinnest fibers, axons, typically confined the IS to the immediate
vicinity of the cell body (up to 50 µm). This suggests that the distance of the ISs is dependent on the
diameter of the containing neurite, but the reason for this remains speculation. One reason, however,
may be that small compartments, compared to the thick proximal dendrite for example, have a smaller
local capacitance and thus require less inward current to generate an action potential. A larger distance
of the IS from the cell body along the continuously tapering dendrite may therefore simply reflect that
the IS is situated at an energetically favorable position (Kole and Stuart, 2012).
In bipolar GnRH neurons there are few synapses onto the soma, but inputs are more densely clustered
onto the proximal dendrites either side of it (Witkin and Silverman, 1985; Chen et al., 1990; Campbell
et al., 2005). This sparse somatic innervation may be a consequence of the IS in most cases not being
situated close to the soma. Conversely, higher numbers of synapses onto the proximal dendrite may
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simply reflect more effective locations for the modulation of action potential firing. However, given
that the IS is located in only one of the dendrites, the synaptic inputs to the other dendrite would be
expected to have relatively less impact on graded membrane potential changes at the IS. This is not
only due to the distance-related electrotonic decay, but also because these potentials have to travel
through the large somatic compartment, which will filter out significant amounts of the initial
postsynaptic potentials (Williams and Stuart, 2002). Thus, synapses upon the non-IS-bearing dendrite
may not have strong immediate effects on action potential generation, but rather impact on the resting
potential of the cell and as a result may modulate the firing probability and patterning (Lee et al.,
2010). Synapses onto the IS-bearing dendrite however will be the major drivers of action potential
firing if excitatory, or powerful silencers if inhibitory. This is especially true for inputs directly onto
the IS, which have also been reported in other neuronal phenotypes (Westrum, 1970; DeFelipe et al.,
1985; Lahjouji et al., 1997; Howard et al., 2005). In this regard the observations here that ISs can be
juxtaposed with other GnRH neuron elements provides the tantalizing possibility that GnRH neuron
interconnectivity and synchronization is taking place at the IS, where synaptic or electrical effects will
be maximal.
The fact that all GnRH neuron compartments examined so far are capable of actively conducting
action potentials (Roberts et al., 2008; Iremonger and Herbison, 2012), and that virtually all of the ISbearing dendrites project in direction of the ME, suggests that the dendrites may be the final projection
neurite of GnRH neurons to the ME. In line with this, GnRH-positive dense core vesicles have been
observed throughout the dendrites, probably captured during their transport to the ME (Kozlowski et
al., 1980; Jennes et al., 1985; Witkin and Silverman, 1985). Moreover, presynaptic contact of GnRH
neuron neurites with other hypothalamic neurons frequently arises from compartments with dendritic
ultrastructure (Silverman and Witkin, 1985; Goldsmith et al., 1994). This, and the observation that
GnRH-positive dense core vesicles are also located postsynaptically in dendritic spines (Jennes et al.,
1985), suggests that GnRH may be released anywhere along the GnRH neuron dendrite in addition to
neurosecretion in the ME. These dendritic projections will be addressed in Chapter 4.
The IS of GnRH neurons in this study existed for relatively long lengths with an average of about
60 µm. This is in contrast to other brain areas, where IS lengths typically range between 12-30 µm
(Kuba et al., 2010; Duflocq et al., 2011; Grubb et al., 2011; Kaphzan et al., 2011). This substantial
difference may be related to the comparatively small number of synaptic inputs onto GnRH neurons
(Witkin, 1989). For example, ISs undergo plastic changes which are closely related to synaptic input
and neuronal activity (Kuba et al., 2010). That study showed that decreased presynaptic drive
increases IS length in neurons, which effectively lowers the action potential threshold as a result of
higher sodium current densities. Thus, GnRH neurons may elaborate long ISs to compensate for
relatively little synaptic input.
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In a similar manner, IS distance, in addition to length, is a parameter which undergoes plastic changes
in relation to neuronal activity (Grubb et al., 2011). By moving the IS towards the subcellular source
of excitation or away from it, neurons can adjust their firing rate to a “preferred” bandwidth (Grubb
and Burrone, 2010). Within this mechanism, distal positions mean more current is lost due to
electrotonic decay on its way to the IS. Thus, as above, varying IS distances across the GnRH neuron
population may reflect different degrees of presynaptic innervation. Therefore, IS plasticity in length
and distance may allow GnRH neurons to adjust to different states of synaptic input. Moreover it is
also tempting to speculate that GnRH neurons have the possibility to actively alter IS position and
length to create a “desired” spike output from a given presynaptic drive. For example, this could
provide a means of intrinsically increasing the firing rate during the proestrous GnRH surge.
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4CHAPTER IV
GNRH NEURON PROJECTIONS
TO THE MEDIAN EMINENCE
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4.1 INTRODUCTION
Chapter 3 investigated the locations of ISs within GnRH neurons in detail. An important and
surprising finding was that in the great majority of GnRH neurons the IS was located in spiny
dendrites and that typical axons were rare. This suggested that the long and unbranched GnRH neuron
dendrite, which almost always projected in direction of the ME, is the neurosecretory projection of
GnRH neurons. As outlined in the Introduction, studies on GnRH neuron morphology have always
investigated axons in the ME separately from their cell bodies and dendrites in more rostral areas.
Thus, a connection between these two compartments has never been made. In order to illuminate the
missing link and to test the “dendritic projection” hypothesis, GnRH neurons in the ventral horizontal
slice preparation were traced from the AHA to the ME. As described in Chapter 3, the ventral
horizontal brain slice is a tissue block (~500 µm thick) of the ventral surface of the brain extending
from the OVLT to the mammillary bodies. This new preparation, with only one cut dorsal surface,
maintains intact all the ventral aspects of the hypothalamus, including the GnRH neurons and their
projections in the AHA and ME.
This chapter first investigates the morphology of GnRH neuron projections between somata in the
AHA and terminals in the ME and examines whether these projections contain the cell’s IS.
Subsequent studies use a marker of presynaptic nerve terminals (synaptobrevin 2) to define non-spiny
inputs along the dendritic projections

4.2 MATERIALS AND METHODS
4.2.1 Cell Filling and Immunohistochemistry in Thick Sections
Cells were filled in ventral horizontal sections of adult male GnRH-GFP mice as described in
Chapter 2. After filling, sections intended for Ankyrin G labeling were fixed in 4% PFA which was
initially at 20° C and then refrigerated at 4° C for 2 h. For synaptobrevin 2 (VAMP2) and BSLI
labeling, sections were fixed in ice-cold 4% PFA and refrigerated at 4° C over night.
For Ankyrin G labeling, sections were rinsed 3x30 min with TBS and then incubated with antiAnkyrin G antibody in high Triton incubation solution (0.6% (w/v) Triton X-100 and 0.25% (w/v)
bovine serum albumin in TBS, pH 7.6) with 2% normal donkey serum at 4° C for ~48 h. Next,
sections were again rinsed 3x30 min and then incubated with streptavidin AlexaFluor 647 and donkey
anti-mouse DyLight 549 in high Triton incubation solution at room temperature for 4 h. After final
washes for 3x30 min, sections were mounted on slides using Aqua-Poly/Mount.
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For labeling of VAMP2-positive presynaptic vesicles, sections were rinsed 3x30 min with TBS and
then incubated with anti-VAMP2 antibody in high Triton incubation solution with 2% normal goat
serum at 4° C for ~48 h. Next, sections were again rinsed 3x30 min and then incubated with
streptavidin AlexaFluor 647 and goat anti-rabbit AlexaFluor 568 in high Triton incubation solution at
room temperature for 4 h. After final washes for 3x30 min, sections were mounted on slides using
Aqua-Poly/Mount. The specificity of the VAMP2 antiserum has been confirmed by other studies and
the labeling in the present study was identical to previous reports (Witkovsky et al., 2008; Leitch et
al., 2009).
For BSLI labeling of blood vessels, sections were rinsed 3x30 min with TBS and then incubated with
streptavidin AlexaFluor 647 in high Triton incubation solution at room temperature for 4 h. BSLI that
binds to glycoproteins present on endothelial surfaces in blood vessels was added for the last 2 h of
incubation. After final washes for 3x30 min sections were mounted on slides using Aqua-Poly/Mount.

4.2.2 Confocal Microscopy and Reconstruction of Neurons
Sections were examined on a Zeiss LSM 510 confocal microscope with LSM 510 software
(version 3.2). Image stacks were acquired at 0.7-0.8 µm (Ankyrin G experiments) or 0.4 µm intervals
(VAMP2 and BSLI) with a 40x/1.3 Plan Neofluar objective using 3x zoom. Image manipulation was
conducted as described in Chapter 2.
VAMP2 appositions onto GnRH neurons were counted manually. Criteria for appositions were:
i) punctate appearance with intensity significantly above background, ii) immediate juxtaposition
between dendritic and VAMP2 signal or slightly overlapping, iii) center of apposition is not
overlapping with dendritic label (to exclude that it is located within the dendrite and thus a GnRH
neuron release site), iv) signal appears in at least 2 subsequent images within the stack (to exclude that
it is noise).
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4.3 RESULTS
4.3.1 Dendritic Projections to Blood Vessels in the Median Eminence
Juxtacellular filling of GnRH neurons in the AHA (Fig. 4-1 overview) yielded 17 neurons with intact
projections to the ME (n=12 animals). Intriguingly, in all cases, a dendrite projected the entire way to
the ME where it branched extensively (Fig. 4-1 A, B; Fig. 4-2). This projection bore numerous spines
in its proximal parts but was always of smooth or varicose appearance prior to entering the ME, (Fig.
4-1 a, b, c). Importantly, these branches terminated on blood vessels or in their immediate vicinity in
the external and lateral zones of the ME (Fig. 4-1 d1, d2).
Different innervation patterns of GnRH neuron projections were observed within the ME. Of the
17 cells with projections to the ME, the 12 most comprehensively reconstructed were analyzed. Fibers
typically targeted the more medial aspects of the ME in the external zone (50% of the cells; Fig. 4-2
left neuron) where they had 11.7±2.7 terminals. In 25% of the cases the projections mainly resided in
the lateral zone (Fig. 4-2 right neuron). These neurons had 5±1 varicose terminals. In one neuron the
fibers were found to course through both the lateral and external zone where they elaborated 3 and
9 terminals, respectively. Two cells were observed to innervate the internal zone only and no terminals
in lateral and external regions could be found (not shown).
These observations demonstrate that GnRH neurons extend dendrites rather than axons into the ME
where they target blood vessels.
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Fig. 4-1: GnRH neurons project hypophysiotropic dendrites into the ME.
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A) Montage of confocal z-projections of a GnRH neuron (yellow/red) in the AHA projecting to the ME which is labeled green by the dense fiber plexus of the other GFP
expressing GnRH neuron fibers. The top right inset shows the location of the neuron within the ventral horizontal brain slice. The optic tract was removed during dissection.
B) Reconstruction of the GnRH neuron shown in A. Letters a-d indicate the positions of the respective high magnification insets. Arrowheads indicate spines.
a) Numerous spines can be observed on the cell body and proximal dendrite.
b) The most distal spine of the dendrite.
c) Region of the dendrite just before entering the ME. Spines are absent and the fiber becomes more varicose.
d1) Filled GnRH neuron terminal (red) among terminals of other GnRH neurons (green) in the external zone of the ME juxtaposed to a blood vessel (blue).
d2) Isosurface rendering of the confocal image stack in d1 demonstrating the close proximity between terminal and blood vessel.
Scale bars: overview 500 µm; A, B 200 µm; insets 5 µm. X in B indicates that the fiber continues but could not be photographed.
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Fig. 4-2: Reconstructions of two AHA GnRH
neurons projecting to the ME.
The somata of both neurons are situated in the AHA just
above the optic tract more than 1.5 mm away from the
ME (overview). The primary dendrites project initially
in caudal direction and then turn medially to enter the
ME where they branch extensively. The green neuron
innervates mostly the external zone, whereas the red
neuron is confined more to the lateral zone.
Scale bar: large reconstruction 500 µm. X indicates that
the fiber continues but could not be photographed.
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4.3.2 Initial Segments in Hypophysiotropic Projections
Chapter 3 described the position of ISs in the GnRH neuron population of the AHA. These cells were
shown to elaborate an IS containing axon in 44% of the cases, but the high percentage of axons was
due to the sampling of some caudal AHA GnRH neurons near the ME which have a significantly
higher incidence of possessing an axon compared to more rostral cells (Section 3.3.5). In the current
chapter (Section 4.3.1), the morphological observations suggested that a classical (i.e. more rostral)
AHA GnRH neuron extends a dendrite rather than an axon into the ME. Thus, this section addresses
the question whether the ISs are located in those dendritic projections.

Fig. 4-3: Hypophysiotropic dendrites contain the IS.
Reconstruction of a filled GnRH neuron with an Ankyrin G labeled IS (at position “a”) in the projection to the
ME. The second dendrite eventually projects to the ME as well.
a) Region of the IS (arrowheads) indicated in the reconstruction.
a1) Endogenous GFP-signal of the IS-containing fiber in the same region as a.
Scale bars: reconstruction 200 µm; inset 5 µm. X in reconstruction indicates that the fiber continues but could
not be photographed.
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The ISs of GnRH neurons in the AHA were always located in the dendrite which projected towards
the ME (Fig. 4-3; n=6 cells). These ISs were located 108±43 µm out on the dendrite and were
48±8 µm long (n=6 cells). Interestingly, dendrites without IS originating from the opposite cell pole
were often observed to project in direction of the ME as well (Fig. 4-3). This “recurrent” morphology
of the dorsal dendrites turning back towards the ME was observed in 60% of the bipolar AHA neurons
investigated (n=10 cells), suggesting that many GnRH neurons have more than one hypophysiotropic
projection.

4.3.3 Synaptic Input along the Hypophysiotropic Dendrites
The intriguing finding that GnRH neurons predominantly project dendrites rather than axons into the
ME to release GnRH implied that these projections may continue to receive synaptic input during their
trajectory to the ME. To address this question morphologically, GnRH neurons in the AHA were filled
and immunohistochemical label for VAMP2, a presynaptic vesicle-associated protein, was performed
to identify putative presynaptic boutons apposed to the GnRH neuron dendrite. This task proved to be
incredibly challenging in thick sections, as the labeling had to be optimized for a good signal to noise
ratio while retaining maximum antibody penetration. Preliminary experiments were unable to fulfill
these criteria when using antibodies against other synaptic proteins such as synaptophysin, synapsin
and PSD95 (not shown). Even with anti-VAMP2 antisera tissue penetration was relatively shallow
(15-20 µm) which meant that only superficially running dendrites could be imaged. In total, for this
set of experiments, 30 animals were killed, 24 GnRH neurons were filled and finally only 3 GnRH
neurons in the AHA were successfully imaged for VAMP2 all the way to the ME.
VAMP2-positive appositions were observed all along the dendritic projection into the ME (Fig. 4-4
A). These putative synapses impinged onto both spines and dendritic shaft in proximal regions (Fig.
4-4 Aa), but in smooth distal regions were confined to the shaft (Fig. 4-4 Ab-d). Synapses gradually
decreased in number with increasing distance from the soma, however, appositions were still observed
even within the ME (Fig. 4-4, Ad). Numbers of synapses onto the proximal dendrite were consistently
larger than onto the distal dendrite prior to entering the ME (Fig. 4-4 B, C; proximal dendrite
35.3±7.4 synapses/100 µm vs. distal 10.7±2.8 synapses/100 µm; n=3 cells), however due to the small
sample size this did not reach statistical significance (p=0.25; Wilcoxon signed rank test). As
expected, GnRH neuron nerve terminals themselves in the ME were dual-labeled with VAMP2 (not
shown). Omission of the primary antibodies completely eliminated the labeling, indicating the
specificity of the secondary antibody serum (Fig. 4-4 D).
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Fig. 4-4: Hypophysiotropic GnRH neuron dendrites receive synaptic input along their length.
A) Reconstruction of a filled GnRH neuron in the AHA which extends a dendrite into the ME (dashed line). A
second dendrite projects in direction of the mammillary complex and towards the ME as well. a-d indicate the
positions of high magnification insets.
a) Single plane confocal image of the dendrite with a spine (arrow) apposed by a VAMP2-positive putative
presynaptic terminal. The arrowhead points to another apposition onto the shaft.
b-d) Single plane confocal images further distal on the dendrite showing more examples of VAMP2-positive
appositions (arrowheads) which can be observed up until the ME (d).
B) Number of appositions onto the proximal dendrite (first 100 µm) and distal dendrite (last 100 µm before
entering the ME; n=3 cells).
C) 3D isosurface renderings showing presynaptic appositions onto the soma and the distal dendrite of the cell
shown in A.
D) Negative control with omitted primary antibody. Note this is a maximum intensity projection of a confocal
image stack through an entire GnRH neuron soma unlike the single plane images a-d.
Scale bars: reconstruction 200 µm; a-d, D 5 µm. X indicates that the fiber continues but is not shown or could
not be photographed.
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The question about synaptic regulation along the dendritic projection was also addressed
electrophysiologically by Dr. Karl Iremonger in our group. He performed whole-cell recordings from
GnRH neurons that had dendrites projecting towards the ME and filled them with a dye so as to trace
their projections with a confocal microscope (Fig. 4-5 A). When glutamate (500 µM) was applied
locally with a puff pipette at the soma or at different distances (100-800 µm) along the dendrite, small
depolarizations were recorded (Fig. 4-5 B; soma 9.0±3.1 mV, n=4 cells; dendrite 7.4±1.5 mV, mean
distance 281±54 µm, n=14 sites, 8 cells). Importantly, GnRH neuron dendrites that were within the
ME were also responsive to focal glutamate puffs (6.5±1.7mV, n=8 sites, Fig. 4-5 B). He also repeated
these experiments with puffs of GABA (100 µM). Both somatic and dendritic GABA puffs evoked
depolarizing responses recorded at the soma (Fig. 4-5 C; soma puff: 16.0±1.5 mV, n=11 cells; dendrite
puff: 9.3±1.3 mV, mean distance 219±15 µm, n= 19 sites, 15 cells). As with glutamate, focal GABA
puffs on GnRH neuron projections within the ME also produced depolarizations (9.3±1.8 mV,
n=13 sites). These data confirm the morphological findings of continuous synaptic input onto GnRH
neuron projections to the ME and show these dendrites are functionally responsive to amino acid
neurotransmitters.
Further experiments addressed whether the activation of glutamate receptors on dendrites projecting
into the ME could initiate action potentials. To test this, glutamate was puffed onto either the soma or
distal dendrites while simultaneously recording action potentials from both the soma and dendrite (Fig.
4-5 D). These dendritic recordings (mean distance 244±3 µm from the soma, range 97-542 µm, n=13)
confirmed that the dendrites of GnRH neurons reliably propagate fast action potentials into the ME.
Further, dendritic glutamate puffs were capable of generating action potentials in most neurons tested
(10 of 13 cells, Fig. 4-5 E), but did not change the site of action potential initiation based on the
latency of somatically and dendritically recorded action potentials (soma puff action potential latency
0.207±0.045 ms; dendrite puff action potential latency 0.234±0.049 ms, n=10, p>0.05). This indicates
that glutamatergic inputs to GnRH neuron dendrites projecting into the ME are capable of modulating
GnRH neuron excitability and thus GnRH neurosecretion.
Overall, these electrophysiological data support the morphological observations that GnRH neuron
dendrites projecting to the ME receive continuous synaptic input and are capable of reliable action
potential propagation into the ME.
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Fig. 4-5: Dendrites projecting to the ME are responsive to amino acid neurotransmitters.
This figure shows experiments conducted by Dr. Karl Iremonger who gave kind permission to present these data
in this thesis.
A) Confocal montage of a GnRH neuron filled with AlexaFluor 555 (red) via the whole cell recording electrode.
GFP labeled GnRH fibers (green) densely innervate the ME (dashed line).
B,C) Peak depolarization evoked by puff application of glutamate (500 µM) or GABA (100 µM) at different
distances along the GnRH neuron dendrite. Black data points indicate puff sites outside of the ME whereas red
data points are puff sites within the ME.
D) Left panel: cartoon illustrating the dual recording experimental setup. Right panel: representative on-cell
recording from the soma (blue traces) and 181 µm along the dendrite (green traces). Traces are 10 trials overlaid.
Puff application of glutamate to the soma or dendrite elicited a burst of action potentials at both recording sites.
Bottom panel: example of an action potential recorded at the soma (blue) and dendrite (green) in response to a
dendritic glutamate puff. In this cell, the action potentials recorded at the soma were always observed before the
action potentials recorded at the dendrite.
E) The average number of action potentials evoked with dendritic glutamate puff decreased at more distal
dendritic sites.
Scale bar: A 50 µm.
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4.4 DISCUSSION
This chapter investigated the projection of AHA GnRH neurons to the ME and found that dendrites
projected to the ME, where they ramify and target blood vessels. Further, these projections contain the
neuron’s IS, receive synaptic input along their length and are responsive to glutamate and GABA.
These findings confirm that the hypophysiotropic projection of GnRH neurons is indeed dendritic and
suggest that GnRH neuron signaling to the ME may be modulated along the fiber.
The hypophysiotropic projections initially emerge from the soma as a high caliber spiny dendrite
which tapers continuously and gradually loses its spiny character. By the time it reaches the ME all
spines are lost and it has acquired a smooth, sometimes varicose morphology reminiscent of an axon.
This led to the tentative term “dendron” to describe best the mixed but unique morphology. However,
even in the smooth axonal regions synaptic input appears to persist.
The mixed morphology of the dendron is reminiscent of neuronal specializations observed in other
systems. In invertebrates, for example, unipolar neurons extend a single neurite which then branches
into axonal and dendritic subregions (Hammer, 1993; Melinek and Muller, 1996; Kristan et al., 2000).
Also, spines and varicosities, hallmarks of both compartments, are occasionally observed in the same
fiber, but functional relevance remains unclear (Rybak and Menzel, 1993). Further, in mammals, some
neurons have been reported to exhibit spines on their axon hillock, however they appear to lack
continued synaptic input more distally (Westrum, 1970; DeFelipe et al., 1985; de Zeeuw et al., 1990).
Granule cells of the olfactory bulb lack an axon, but may have up to seven IS-like “hot spots” in their
ramified dendrites (Kosaka et al., 2008). Whereas dendritic ISs are a joint feature with the GnRH
neurons, granule cell physiology is vastly different, since these cells are acting as interneurons in
locally confined microcircuits with reciprocal synapses (Price and Powell, 1970a, b). Similar triadic
synapses with presynaptic elements within dendrites have been observed in the thalamus, but these
dendritic projections exist alongside a conventional axonal projection as well (Hamos et al., 1985).
Thus, the GnRH neuron dendron here marks a new class of dendritic projection, as it combines
postsynaptic elements with a long range projection over millimeters.
The current identification of the dendron necessitates a considerable revision of how these neurons are
thought to integrate synaptic inputs and hence regulate their excitability. For example, synapses in the
vicinity of the IS will have major influence on action potential generation and firing pattern. Distal
inputs in the ME on the other hand will have impact on local resting potential and intracellular calcium
levels, thus fine-tuning GnRH release at the level of the terminal. In support of this, subthreshold
potentials have been shown to travel along fibers over long distances to modulate transmitter release in
the synaptic bouton (Alle and Geiger, 2006; Shu et al., 2006). Also, axonal glutamate receptors are
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known to broaden propagated action potentials upon activation, which results in increased transmitter
release at the terminal (Sasaki et al., 2011). This is especially interesting, since the present data from
Dr. Karl Iremonger give functional evidence for the presence of glutamate receptors on the GnRH
neuron dendron. Similarly, metabotropic GABAB-receptors can directly inhibit voltage-activated
calcium channels in dendrites and thus modulate calcium entry during action potentials (Chalifoux and
Carter, 2011). It is interesting to note that both components are also present in the GnRH neuron
dendrite and terminals (Zhang et al., 2009; Herbison and Moenter, 2011; Iremonger and Herbison,
2012).
Together, the present findings suggest a much wider spectrum of GnRH neuron neurotransmission
than previously expected. Instead of a classical polarity of somatic/dendritic input and axonal all-ornone action potential output, the discovery of the dendron hints at integration along a single and
continuous compartment which may involve graded signaling in addition to classical action potential
conduction.
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5.1 INTRODUCTION
The OVLT is one of the most vascularized structures in the brain and was first described in 1927
(Behnsen, 1927). Situated in the rostral wall of the third ventricle it is one of the two hypothalamic
CVOs lacking a BBB (Wsniewski and Olszewski, 1963). This is due to the absence of tight epithelial
junctions, which instead are replaced by fenestrated endothelium (Rohlich and Wenger, 1969). The
OVLT is commonly divided into two zones. The external zone comprises a Y-shaped dense network
of capillaries as seen in horizontal sections. Between the two arms of the Y and the ventricular
ependymal lies the internal zone with a complex neuropil of neurons, fibers, glia and fenestrated blood
vessels (Oldfield and McKinley, 2004). The arterial blood supply stems from horizontally directed
arterioles branching off the anterior communicating artery (Duvernoy et al., 1969; Ambach et al.,
1978). Venous blood drains caudally and dorsally into the medial POA through an anastomosing
network which interconnects the OVLT, subfornical organ, choroid plexus and median preoptic
nucleus (Szabo, 1983). Lacking a BBB, the OVLT represents a gateway into the CNS where
peripheral factors are sensed by neurons and information gets sent along axons into other brain areas
(Ferguson and Bains, 1996). This has been studied most thoroughly for homeostatic systems such as
osmoregulation, in which osmosensitive neurons in the dorsal cap of the OVLT feedback to
vasopressin neurons in the paraventricular and supraoptic nuclei (McKinley et al., 2004). Conversely,
the OVLT is site of diverse afferent innervation as well, being targeted by fibers containing GnRH,
somatostatin, angiotensin II, vasopressin, oxytocin, atrial natriuretic peptide, monoamines, etc. (Bosler
and Descarries, 1988; Oldfield and McKinley, 2004; Koyama et al., 2012).
Within the GnRH neuronal network the OVLT is the second largest projection field of GnRH neurons
besides the ME. However, as outlined in the Introduction (Section 1.2.2), the function of these
projections and whether GnRH is released in this area remains completely unknown. Since the first
studies of GnRH-positive fibers in the OVLT in the 1970s, the perception has been that GnRH
neurons send axons into the OVLT (Naik, 1976; Pelletier et al., 1977; Hoffman et al., 1978). In
contrast to this long-standing notion, preliminary observations in Chapter 3 have pointed to a complex
dendritic component as well. Therefore, this chapter aims at illuminating the morphology and anatomy
of GnRH neuron projections to the OVLT in more detail to provide further insight into their function.
This was achieved by juxtacellular cell filling of individual GFP-identified GnRH neurons combined
with subsequent analysis using confocal microscopy. In order to reinforce the light microscopic
findings, GnRH neuronal elements were then investigated ultrastructurally under the electron
microscope. Also, the location of GnRH neurons in respect to the region lacking a BBB was defined
and their involvement in the preovulatory GnRH/LH surge was tested. Finally, the electrical
responsiveness of GnRH neurons with projections to the OVLT (from now on referred to as “OVLTGnRH neurons”) to glutamate, kisspeptin and LH was analyzed.
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5.2 MATERIALS AND METHODS
5.2.1 Cell filling in Acute Brain Slices
GnRH neurons were filled in 200 µm-thick coronal sections which contained the OVLT as identified
by the dense fiber plexus of GFP-positive GnRH neuron fibers. In general, cell filling and subsequent
labeling with streptavidin was conducted as described in Chapter 2, but GnRH neurons were targeted
in the loose patch configuration (15-60 MΩ) using patch pipettes of 6-9 MΩ resistance and filled with
200 mV voltage steps over 20-45 min. Confocal microscopy was performed as described in Chapter 2.

5.2.2 Transmission Electron Microscopy
This set of experiments was conducted by Katrin Geist and Dr. Rebecca Campbell. Briefly, 2 diestrous
female GnRH-GFP mice were anesthetized and transcardially perfused with ice-cold 4% PFA and
0.5% glutaraldehyde. Subsequently, 50 µm-thick coronal sections were cut on a vibratome followed
by incubation in a mixture of primary antibodies (rabbit anti-GnRH, 1:10,000; LR5 Dr. R. Benoit
Montreal, Canada; rabbit anti-GFP 1:2,000; Molecular Probes) in incubation solution (0.3% (w/v)
Triton X-100 and 0.25% (w/v) bovine serum albumin in TBS, pH 7.6) at 4°C. Secondary antibody
(ultra-small gold conjugate of f(ab’)/f(ab)2 goat anti-rabbit, Aurion, 100.366) incubation and
concurrent silver enhancement was performed using Aurion reagents. For increased contrast tissue
was osmicated with 0.5% osmium tetroxide, resin-embedded and semi-thin sections (4 µm) and
ultra-thin serial sections (60-90 nm) were cut on an ultramicrotome. Finally, after staining with 1%
uranyl acetate, ultra-thin sections were examined using a Philips CM100 transmission electron
microscope. Image acquisition was performed by Katrin Geist, Image analysis was performed by
Katrin Geist, Dr. Rebecca Campbell and myself.

5.2.3 Horseradish Peroxidase Injections
Four male GnRH-GFP mice were deeply anesthetized with Ketamine (7.5 mg/100g body weight) and
Domitor (0.1 mg/100 g body weight) and horseradish peroxidase (HRP, Type IV, Sigma Aldrich,
P8375) dissolved in sterile saline (30 mg/ml) was injected into the vena cava at a dose of
15 mg/100 g body weight. As a control, one additional animal was injected with saline only. After
5 min (n=2) or 25 min (n=2) the animals were transcardially perfused with 4% PFA and 30 µm-thick
frozen sections were prepared as described in Chapter 2. The HRP was visualized using the Nickel3,3’-Diaminobenzidine (Nickel-DAB) reaction. To do so, sections were incubated in chromagen
reaction

buffer

(refer

to

Appendix

A).

GFP

signal

was

enhanced

immunohistochemistry with the rabbit anti-GFP antisera as described in Chapter 2.
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5.2.4 c-Fos Expression in GnRH Neurons
This study used a set of sections prepared previously by Robert Porteous. Five ovariectomized adult
female mice were treated to induce LH surges as described previously (Bronson, 1981; Herbison et al.,
2008). Briefly, ovariectomized animals with subcutaneous estradiol implants received an injection of
estradiol benzoate (1 µg/20 g body weight) in the morning (1100 h) of the day before the LH surge.
On the morning (1100 h) of the day of the surge, animals were injected with progesterone
(500 mg/20 g body weight). This yields a reliable LH surge at lights out (1900 h). At the time of the
surge, blood samples were taken under anesthesia and animals were transcardially perfused with
4% PFA. Chromagen immunohistochemistry for GnRH and c-Fos was performed using a c-Fos
antibody (1:10,000; #sc-52 Santa Cruz Biotechnology) and a rabbit anti-GnRH antibody (1:40,000;
LR1 Dr. R. Benoit, Montreal, Canada). First, c-Fos immunolabeling was developed with chromagen
reaction buffer (refer to Appendix A) to yield a black nuclear staining in cells expressing c-Fos. Next,
tissue was incubated in anti-GnRH antibody and the signal was developed using chromagen reaction
buffer without Nickel sulphate, which results in a brown cytoplasmic DAB staining of GnRH neurons.
GnRH neuron perikarya with or without nuclear c-Fos labeling were counted within a 100 µm radius
of the OVLT and within the remaining rPOA. Further, a radioimmunoassay for LH was performed to
check for the successful induction of a surge. Cell counting, image acquisition and analyses were
performed by myself.

5.2.5 Electrophysiology Puffing Glutamate
GnRH neurons were identified by GFP-fluorescence and a loose-patch on-cell configuration
(15-60 MΩ) was obtained using patch pipettes with a resistance of 6-9 MΩ. GnRH neuron action
potential firing was recorded as action currents in voltage clamp mode. Glutamate dissolved in ACSF
at a concentration of 1 mM was puffed onto the slice at a pressure of 10 pounds per square inch for
20 ms using patch pipettes (6-9 MΩ) and a PicoPump (PV820, World Precision Instruments). Initially,
glutamate was puffed near the soma to verify general responsiveness, then puffs were made along the
dendrite projecting into the OVLT area. Distances were measured using a micrometer in the eyepieces
of the microscope. After the experiment, cells were juxtacellularly filled and processed as described
above to confirm their projection into the OVLT.
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5.2.6 Electrophysiology Puffing Kisspeptin
Kisspeptin-10 (Calbiochem #445888) dissolved in ACSF at a concentration of 100 nM was puffed
onto the OVLT for 5 s at a pressure of 6 pounds per square inch using patch pipettes as above. Since
kisspeptin is a very potent activator of GnRH neuron action potential firing, spill over to somata
outside the OVLT area could potentially lead to a false positive activation of GnRH neurons recorded.
To minimize this, slices were orientated in the recording chamber such that the puffed kisspeptin was
washed away from the soma of the recorded cell by the perfusion flow of ACSF, which was set
relatively high at ~3.1 ml/min (Fig. 5-1). This yielded a local confinement of less than 100 µm against
the perfusion flow (Fig. 5-2 B). After the experiment, cells were juxtacellularly filled and processed as
described above to confirm their projection into the OVLT.

Fig. 5-1: Experimental setup for recording the responsiveness of GnRH neuron dendrites in the OVLT to
kisspeptin.
GnRH neurons (red) with a dendrite extending into the OVLT (dashed line) were recorded in the loose-patch oncell configuration. The acute brain slice was orientated in the recording chamber such that the perfusion washed
the puffed kisspeptin (yellow puff pipette) over the entire OVLT, but away from the soma.
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Fig. 5-2: Local specificity of kisspeptin puffs.
A) Schematic showing the experimental setup for determining the local specificity of kisspeptin puffs.
Kisspeptin (KP; 100 nM,) was applied for 5 s at 6 pounds per square inch 100 µm either side of the soma while
recording in the loose-patch on-cell configuration. First (1), kisspeptin was applied on the side where it was
washed away from the soma by the perfusion. Next (2), kisspeptin was applied on the other side to show the
responsiveness to kisspeptin of the GnRH neuron recorded.
B) Recording of a GnRH neuron in the rPOA with puffs at positions as shown in A. The first application of
kisspeptin does not alter the firing of the cell, indicating that kisspeptin is effectively washed away and spreads
less than 100 from the pipette against the flow of perfusion. The second application on the side where the
perfusion washes the kisspeptin solution towards the cell results in a strong subsequent increase in firing
confirming the responsiveness of the cell.
The trace in B was high-pass filtered at 2 Hz to remove baseline fluctuations.

5.2.7 Electrophysiology Applying Luteinizing Hormone
Spontaneous activity of OVLT-GnRH neurons was recorded in voltage clamp using patch pipettes
(6-9 MΩ) and a loose-patch on-cell configuration (15-60 MΩ). Baseline activity was recorded for
25-30 min and mouse LH (extracted from mouse pituitary gland; lot AFP5306A; Dr. A. F. Parlow,
National Hormone & Peptide Program, Torrance, California) was bath applied through the perfusion
system for 5 min at a concentration of 10 ng/ml (0.35 nM). After treatment, recordings were continued
for another 25-35 min. Finally, cells were juxtacellularly filled and processed as described above to
confirm their projection into the OVLT. Post mortem vaginal smears were taken to monitor the estrous
stage of the recorded animals (Goldman et al., 2007).
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5.3 RESULTS
5.3.1 Morphology of OVLT-GnRH Neurons
In order to reliably follow the neurites of GnRH neurons which project to the OVLT, individual
identified GnRH neurons in the rPOA were filled in acute coronal sections containing the OVLT
(n=41 adult male GnRH-GFP mice). Classical simple uni- or bipolar morphology was observed when
analyzing GnRH neurons remote from the OVLT (Fig. 5-3 A, B). However, GnRH neurons closer to
the OVLT were frequently found to exhibit a strikingly different, much more complex morphology
which appeared to specifically target the OVLT region (Fig. 5-3 C-E; n=38 neurons from 32 animals).
Surprisingly, albeit suggested by earlier findings (Chapter 3), these projections in most cases (79%)
had clear dendritic morphology, as they exhibited spines and gradually tapered off the soma with a
large diameter (Fig. 5-3 Ca-c, D; n=30 neurons). Six other neurons sent both dendritic and axonal
processes into the OVLT (Fig. 5-4 A) and only 2 of 38 neurons innervated the OVLT exclusively with
an axon (Fig. 5-4 B).

Dendritic Branching in the OVLT
GnRH neurons in the medioventral aspects of the rPOA had a high incidence of innervating the
OVLT. If the soma was located within 100 µm of the OVLT’s outer margin, 68% extended a highly
branched dendrite into the OVLT (n=19 cells, Fig. 5-5). However, cells as distant as 330 µm were also
observed projecting into the OVLT (260 µm in the case of the neuron in Fig. 5-3 C-E). Dendrites of
these cells were observed to branch predominantly in the vicinity of the OVLT (Fig. 5-3 D; Fig. 5-5
orange neuron). Indeed, when dendritic elements where examined for branch points in respect to their
distance from the OVLT, a strong trend towards increased complexity in or near the OVLT was
evident (Fig. 5-6; n=54 cells). Within the OVLT proper, 73% of dendrites exhibited one or more
branch points (n=33 dendrites). In the 100 µm-zone surrounding the OVLT 61% of dendrites were
branching (n=44 dendrites), but values decreased in more distant areas (100-200 µm: 22%, n=36; 200300 µm: 8%, n=25; 300-400 µm: 8%, n=12; Fig. 5-6 B). This means that even GnRH neurons distant
from the OVLT can acquire complex morphology if they extend a dendrite into the vicinity of the
OVLT. Because of this and limitations of the slice procedure, the overall number of GnRH neurons
projecting into the OVLT is difficult to determine. In order to provide an estimate, GnRH neurons in
coronal 30 µm-thick sections containing the OVLT were counted. In female (n=5) and male (n=5)
mice, 27±7 % and 21±3% of rPOA neurons resided within 100 µm of the OVLT, respectively. Since
most of these neurons will innervate the OVLT alongside more distant ones, it is estimated that more
than 20% of rPOA neurons extend dendrites into the OVLT.
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Fig. 5-3: GnRH neurons extend spiny dendrites into the OVLT.
A) Montage of projected confocal image stacks of a GnRH neuron in the rPOA with classical bipolar and
unbranched morphology.
B) Reconstruction of the neuron shown in A.
C) Montage of projected confocal image stacks of a GnRH neuron projecting a dendrite into the OVLT where it
branches extensively. Endogenous GFP labeling in green shows fibers and somata of other GnRH neurons.
Letters a-c indicate positions of high magnification insets which show examples of spines (arrowheads) on the
dendrites. Note the first dorsal dendritic branch has been omitted from C but is shown in D.
D) Reconstruction of the neuron shown in C superimposed on the endogenous GFP signal in grayscale.
E) Low magnification view of the OVLT-containing coronal brain slice with endogenous GFP shown in
grayscale. The position of the neuron in C and D is outlined in red. The dashed line represents the base of the
brain.
Scale bars: B-D 50 µm; insets 2 µm; E 100 µm. MS, medial septum. X indicates that the fiber continues but was
cut during the slice preparation.
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Fig. 5-4: GnRH neurons project axons into the OVLT.
A) Reconstruction of a filled GnRH neuron superimposed on the endogenous GFP signal in grayscale. The
neuron projects a dendrite (red, not fully reconstructed for simplicity) and an axon (cyan) into the OVLT
(outlined by dashed line).
B) Reconstruction of a filled GnRH neuron (red) projecting an axon (cyan) into the dorsal aspect of the OVLT.
Scale bars: 50 µm. X indicates that the neurite continues but was either not reconstructed (dendrites in A) or cut
during the slice preparation (all other cases).
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Fig. 5-5: Multiple GnRH neurons project complex dendritic trees into the OVLT.
Reconstructions of three filled GnRH neurons targeting the OVLT (dashed line) superimposed on the
endogenous GFP signal in grayscale. Unfilled GnRH neurons adjacent to the OVLT extend dendrites into the
OVLT as well.
Scale bar: 50 µm. X indicates that the fiber was cut during the slice preparation.
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Fig. 5-6: Increased branching of GnRH neuron dendrites in and around the OVLT region.
A) Schematic showing analyzed areas in B. Grayscale image of GFP-labeled GnRH neurons in the OVLTcontaining coronal brain slice. The dashed line outlines the OVLT, the solid line indicates a 100 µm-wide region
surrounding the OVLT.
B) GnRH neuron dendrites show a higher degree of branching in and around the OVLT as demonstrated by the
percentage of dendritic elements which have one or more branching points in the OVLT and 100 µm zone
compared to more distant areas.
Scale bar: A 200 µm. Numbers of dendritic elements analyzed are indicated at the base of each histogram bar.
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Electron Microscopic Evidence for GnRH Neuron Dendrites in the OVLT
GnRH neuron dendrites were identified according to morphological criteria such as the presence of
spines and diameter under the light microscope. Unfortunately this could not be supported on a
molecular level using antibodies against compartment-specific subcellular components, since most
antisera tested were unable to label GnRH neuron subregions (Section 3.3.1). Based on Ankyrin G
label, GnRH neuron neurites without IS were observed entering the OVLT (Section 3.3.4), however it
appears that the location of the IS is not strictly confined to the axon in GnRH neurons (Sections 3.3.4
and 3.3.5). For this reason, ultrastructural proof using transmission electron microscopy was sought.
Silver-enhanced immunogold labeling of GnRH neurons was performed by Katrin Geist and Dr.
Rebecca Campbell and electron micrographs of GnRH neuronal elements were taken in the OVLT.
Analyses for dendritic and axonal ultrastructure were performed by Ms Geist, Dr. Campbell and
myself. Numerous GnRH-positive elements with classical dendritic ultrastructure were observed (Fig.
5-7, A, B). Criteria for dendrites were: i) longitudinally orientated long and fleshy mitochondria, ii)
evenly distributed microtubules, iii) few dense core vesicles and the iv) apposition of synapses (Peters
et al., 1976). Axons typically i) exhibited short and thin mitochondria, ii) contained few microtubules
which were tightly packed and iii) contained GnRH-positive dense core vesicles (Fig. 5-8) (Peters et
al., 1976). Notably, axons were never observed in juxtaposition of the basal lamina of fenestrated
capillaries. These data add further proof to the light microscopic observation of GnRH neuron
dendrites in the OVLT.

Fig. 5-7: GnRH neuron elements with dendritic ultrastructure in the OVLT.
Data obtained from experiments performed by Katrin Geist and Dr. Rebecca Campbell.
A) Cross-section through a representative GnRH neuronal element (shaded in red) identified by silver-enhanced
immunogold labeling (black dots) near a blood vessel (bv) in the OVLT. Microtubules are loosely arranged in a
manner indicative of dendrites and the thick mitochondria are cut in cross-section. Synaptic vesicles are absent.
B) Longitudinal section of another GnRH neuron dendrite (red) with long and thick mitochondria, numerous
scattered microtubules and an apposed synaptic terminal (blue) full of synaptic vesicles.
Scale bars: 1 µm.
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Fig. 5-8: GnRH neuron element with axonal ultrastructure in the OVLT.
Data obtained from experiments performed by Katrin Geist and Dr. Rebecca Campbell.
GnRH neuronal elements with axonal properties were also observed in the OVLT. Shown is an identified GnRH
neuron fiber (red) containing dense core vesicles. Note the location in the vicinity, but without close contact, to a
fenestrated capillary (arrows).
Scale bar: 1 µm.
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Contacts between OVLT-GnRH Neurons and other rPOA GnRH Neurons
Among the neurons with projections to the OVLT (n=38 cells) several were observed in direct contact
with other GnRH neurons. Two OVLT-GnRH neurons appeared to exhibit synaptic contact which
involved spine-like protrusions or varicosities (Fig. 5-9 Aa, Bc, Bd). Another 5 OVLT-GnRH neurons
had intertwining dendrites with GnRH neurons in the rPOA (Fig. 5-9 Bb). These observations were
striking as they involved non-OVLT-GnRH neurons and seemed to interconnect OVLT-GnRH
neurons with classical GnRH neurons in the rPOA. However, a much higher degree of connectivity
between GnRH neurons may exist in the OVLT itself where a lot of fibers are frequently in immediate
contact, but this was not analyzed in more detail.

Fig. 5-9: OVLT-GnRH neurons frequently contact other GnRH neurons.
A) Reconstruction of a pseudobipolar OVLT-GnRH neuron (red) which sends a short and spiny dendrite to
another GnRH neuron nearby (green; letter a marks position of high magnification inset). The dashed line
indicates the outline of the OVLT.
B) Reconstruction of a pseudobipolar OVLT-GnRH neuron with a dorsal dendrite tightly bundling with the
primary dendrite of another GnRH neuron (green, b). This dendrite also extends a mushroom-like spine to target
the fiber of a third GnRH neuron (cyan, c). The thin axon projecting into the OVLT contacts the cross-sectioned
proximal dendrite (dark green, d) of another GnRH neuron.
Scale bars: A, B reconstructions 50 µm; insets 5 µm.
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5.3.2 GnRH Neurons Respond to Glutamate Puffed in the OVLT
GnRH neurons express receptors for the excitatory neurotransmitter glutamate, one of the main
modulatory inputs to GnRH neurons (Spergel et al., 1999; Herbison, 2006). All of the major
ionotropic subtypes, such as AMPA, kainate and NMDA receptors are expressed, whereas evidence is
lacking for metabotropic glutamate signaling (Herbison, 2006). In the CNS, glutamatergic input
predominantly impinges onto dendritic spines where it is a powerful driver of action potential firing
(McKinney, 2010). In contrast, axons typically lack glutamate receptors along their projection, but
express them in synaptic terminals where they are relatively inefficient in modulating cellular
excitability (Debanne et al., 2011). Thus, electrical responsiveness to glutamate can be used to
differentiate dendrite from axon. This electrophysiological discrimination was used to further examine
whether the neurites in the OVLT were dendrites, as suggested by the morphological findings. To do
so, identified GnRH neurons were patched in the loose-patch on-cell configuration, and glutamate
(1 mM) dissolved in ACSF was applied locally onto the soma or neurites for 20 ms at a pressure of
10 pounds per square inch.
First, the specificity of the application was tested. To exclude that the mechanical force of the puffed
solution directly evoked changes in GnRH neuron firing, ACSF lacking glutamate was puffed onto the
proximal dendrite of 3 GnRH neurons. This was unable to induce action potential firing in all cases
(Fig. 5-10 A). When the puffing solution was switched to 1 mM glutamate, puffs at the same location
elicited brief bursts of action potentials (Fig. 5-10 B).

Fig. 5-10: Puffs of ACSF do not elicit action potential firing.
A) Puff (20 ms, 10 pounds per square inch) of ACSF (dotted line) onto the proximal dendrite of a GnRH neuron
in the rPOA 60 µm from the soma.
B) Puff onto the same neuron as in A, at the same site with identical settings, but with 1 mM glutamate included
in the puff pipette. A brief burst of five action potentials, recorded as action currents, is elicited.
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Fig. 5-11: GnRH neuron dendrites in the OVLT respond to glutamate.
A) Reconstruction of a single GnRH neuron with complex dendritic tree in the OVLT superimposed on a
grayscale image of the GFP signal of other GnRH neurons in the OVLT. For clarity, the dorsal and ventral
dendrites are color-coded in red and green, respectively. Numbers in circles indicate positions of glutamate
application with a puff pipette, corresponding traces are shown in B. The inset shows the dendrite at site 3
exhibiting a spine (arrowhead).
B) Puffs of 20 ms duration with 1 mM glutamate at 40 µm (number 2), but not 60 µm (number 1) from the soma
could elicit action currents showing the effective radius of the application. Action currents could be induced
reproducibly up to 150 µm down the dendrites into the OVLT (number 3), but responsiveness was lost in more
central areas of the OVLT (number 4). The upward deflection in trace 2 is due to a transient change in seal
resistance caused by the tissue movement of the fluid ejection by the puff pipette.
Scale bars: A 50 µm, inset 2 µm. Dashed line in A outlines the OVLT.

Next, individual GnRH neurons situated near the OVLT in acute coronal brain slices of 5 adult male
GnRH-GFP mice were patched and brief puffs of glutamate were applied to different regions of the
GnRH neurons. Glutamate puffed 40 µm, but not 60 µm, from the soma was able to induce action
potential firing in brief bursts, indicating the effective radius of the puff application (Fig. 5-11 number
1 and 2). When the dendrite was followed distally into the OVLT (>100 µm from the soma), the same
application was able to reproducibly induce action potential firing in 5 neurons (Fig. 5-11 number 3).
In 2 of these GnRH neurons action potentials were induced anywhere along the dendrite in the OVLT,
whereas in the other neurons glutamate was ineffective at more distal sites in the OVLT (Fig. 5-11 B
number 4).
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5.3.3 Extent of GnRH Neurons Residing Outside the Blood-Brain Barrier
The dense innervation of the OVLT with dendrites suggested that GnRH neurons may receive
modulatory inputs in this region. The OVLT, a CVO in the brain, is an area physiologically devoid of
a BBB. To test whether GnRH neuron elements reside outside the BBB and to what extent they may
have contact to constituents of the peripheral blood, experiments were conducted to outline the range
of leaky BBB in the OVLT.
An established indicator of BBB integrity is intravenous (i.v.) injection of HRP, a 44 kDa protein
which is unable to cross tight epithelial junctions (Broadwell and Brightman, 1976; Wiegand and
Price, 1980; Krisch et al., 1987; Ma et al., 1997; Abdel-Rahman et al., 2002). HRP was injected i.v.
into 4 male GnRH-GFP animals at a dose of 15 mg/100 g body weight and the animals were killed
5 min (n=2) and 25 min (n=2) later, respectively. In animals perfused 25 min after injection, staining
of HRP was observed not only within the OVLT proper, but also in the parenchyma ~100 µm around
it, encompassing some classical rPOA GnRH neurons as well (Fig. 5-12 A). This signal was
completely absent in a saline-injected animal (Fig. 5-12 B). Other known forebrain CVOs with
fenestrated capillaries such as ME and subfornical organ were labeled by HRP, whereas the rest of the
brain was completely negative (Fig. 5-12 C, D). Curiously, HRP diffused into the arcuate nucleus
more than within the ME, despite its supposedly lower content in fenestrated capillaries (Ciofi et al.,
2009). Tissue from animals which had received HRP for only 5 min looked qualitatively similar to
those perfused at 25 min, but staining intensities were lower.
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Fig. 5-12: Defining the extent of the BBB around the OVLT.
A) Representative image showing the diffusion of i.v.-injected HRP (pseudocolored in red) in and around the
OVLT (as indicated by the dense fiber plexus of GnRH neurons in green). Note the diffusion ~100 µm beyond
the OVLT proper. Arrowheads indicate some strongly labeled blood vessels.
B) Image of a vehicle-injected animal showing the complete absence of HRP staining.
C, D) Other known forebrain areas outside the BBB also show HRP staining. In the ME (C), blood vessels
(arrowheads) are labeled and HRP has diffused into the arcuate nucleus. The subfornical organ (D) and some
associated blood vessels (arrowheads) are strongly labeled. The GFP signal of GnRH neuron fibers in this image
was not photographed.
Note the complete absence of signal in brain areas outside of the CVOs.
Scale bars: 100 µm. 3V third ventricle.
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5.3.4 GnRH Neurons Respond to Kisspeptin Puffed in the OVLT
The neuropeptide kisspeptin is a potent stimulator of GnRH neuron firing and involved in regulating
fertility (Han et al., 2005; Roa et al., 2011). GnRH neurons are directly apposed by kisspeptin-positive
fibers which originate from neurons in the rostral periventricular area of the third ventricle and arcuate
nucleus (Clarkson and Herbison, 2006; Liu et al., 2011; Yeo and Herbison, 2011). Interestingly,
peripherally injected kisspeptin is able to increase GnRH-dependent release of LH from the pituitary
(Messager et al., 2005; Navarro et al., 2005b). The mechanism of this remains obscure, since
kisspeptin cannot cross the BBB (Scott and Brown, 2011). Thus, kisspeptin is likely to exert its actions
on GnRH neurons in areas outside the BBB, namely the ME and OVLT. This has been tested on
explants of the mediobasal hypothalamus including the ME of mice and sheep, which release GnRH
after kisspeptin stimulation in vitro (d'Anglemont de Tassigny et al., 2008; Smith et al., 2011). This
suggests a direct role for kisspeptin on GnRH neuron terminals in the ME. However, central sites of
kisspeptin action for the increased release of GnRH cannot be ruled out. The explants used in these
studies contained a small number of GnRH neuron somata and the BBB was disrupted during the
preparation of the explant, allowing kisspeptin access to areas normally protected by the BBB.
Further, these studies have not addressed whether GnRH neuron projections to other CVOs are
involved in the peripheral actions of kisspeptin on GnRH release. The present observation of GnRH
neuron dendrites in the OVLT outside the BBB, like terminals in the ME, suggests these dendrites are
in a favorable position to sense blood-borne kisspeptin. Therefore, electrophysiological recordings
were performed to test the hypothesis that GnRH release induced by systemically circulating
kisspeptin may be conveyed via the dendrites in the OVLT exposed to the periphery.
To investigate whether GnRH neuron dendrites in the OVLT are responsive to kisspeptin, OVLTGnRH neurons were recorded in the loose-patch on-cell configuration and kisspeptin (100 nM)
dissolved in ACSF was puffed onto the GFP-identified dendrite in the OVLT (Fig. 5-1). Compared to
the glutamate experiments above, a puff of longer duration but lower pressure (5 s, 6 pounds per
square inch) was chosen to maximize the strength of stimulation while maintaining the local
confinement to the OVLT area (Fig. 5-1, Fig. 5-2).
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Fig. 5-13: GnRH neuron dendrites in the OVLT and rPOA respond to kisspeptin.
A) Recording of an OVLT-GnRH neuron showing moderate activation after a 5 s puff of 100 nM kisspeptin
(KP) onto the dendrite in the OVLT (arrow) 70 µm from the soma. The inclusion of 100 nM kisspeptin in the
whole bath ACSF (bar) later in the experiment elicits a much stronger response.
B) Histogram of the recording in A showing the number of action currents per 30 s over the course of the
experiment. Kisspeptin applications are indicated as in A.
C) Recording of an rPOA GnRH neuron without dendrites in the OVLT showing a modest response to 5 s puff
of 100 nM kisspeptin onto its distal dendrite (arrow) 140 µm from the soma. Again, the response is much
stronger during the bath application (bar).
D) Histogram showing the number of recorded action currents in C in 30 s bins.
Traces were high-pass filtered at 2 Hz to remove baseline fluctuations.

The effects of kisspeptin puffed onto the OVLT were analyzed in 11 GnRH neurons with dendrites
projecting into the OVLT (n=8 adult male animals). Of these cells, 91% increased their firing
moderately in response to the application (Fig. 5-13 A, B). An increase above 2 standard deviations of
the baseline average was defined as a response and this was observed in 5 neurons (45%). This effect
was also compared to classical GnRH neurons in the rPOA without projections to the OVLT. Out of
7 GnRH neurons in the rPOA, 4 neurons (57%) showed a moderate increase in firing upon kisspeptin
application and 2 neurons (29%) responded as defined above (Fig. 5-13 C, D). Since the responses
observed were much weaker than previously reported (Han et al., 2005; Dumalska et al., 2008),
100 nM kisspeptin was applied in the bath after the dendritic puff to confirm the general
responsiveness of the recorded neuron to kisspeptin (only 9 of 11 OVLT-GnRH neurons were tested).
This induced a long lasting increase in firing in 78% and 100% of OVLT and rPOA neurons,
respectively (Fig. 5-13; OVLT n=9 cells; rPOA n=7 cells).
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5.3.5 Participation of OVLT-GnRH Neurons in the Preovulatory GnRH/LH Surge
Most of the GnRH neurons in the rPOA are electrically activated during the preovulatory GnRH/LH
surge and synchronously release GnRH from nerve terminals in the ME, but it is unclear whether
OVLT-GnRH neurons are involved in this mechanism or a functionally separate population. I wanted
to test the hypothesis that OVLT-GnRH neurons are part of the activated GnRH neuron population
during the GnRH/LH surge and that they are hypophysiotropic. Expression of the immediate early
gene c-Fos is an accepted molecular marker of elevated neuronal activity and has been widely used to
selectively label GnRH neurons which participate in the preovulatory surge by releasing GnRH at the
ME (Hoffman et al., 1990; Hoffman et al., 1993; Rajendren, 2001l; Herbison et al., 2008). It is
therefore a good marker to address the hypothesis above. To do so, c-Fos expression was analyzed in
GnRH neurons in and around the OVLT in a mouse model with a steroid-primed generation of a
GnRH/LH surge (Bronson, 1981; Herbison et al., 2008).
The experimental regimen successfully elicited a LH surge in all mice (LH=8.8±1.3 ng/ml; n=5 female
animals). GnRH neurons with brown cytoplasmic staining were observed in the classical inverted-Y
pattern in the rPOA and in the MS and AHA. Black nuclear staining for c-Fos was observed both in
unidentified cells and in GnRH neurons from the MS to the AHA (Fig. 5-14 A). Omission controls of
the primary antibody for c-Fos resulted in a complete lack of label. The proportion of c-Fos-positive
GnRH neurons was analyzed in coronal sections containing the OVLT, comparing their number in the
OVLT including a 100 µm-zone adjacent to it to the more distant rPOA (Fig. 5-14 B). In the OVLT
and its immediate vicinity, where most of the GnRH neurons project dendrites into the OVLT (Section
5.3.1), 4.8±0.7 GnRH neurons were counted per 30 µm-thick section (n=5 animals). Of these GnRH
neurons, 86±5% expressed c-Fos (Fig. 5-14 C). In the same sections in the rPOA more distant to the
OVLT, 20.4±4.4 GnRH neurons were counted of which 60±5% expressed c-Fos (Fig. 5-14 C). This
proportion of dual-labeled cells was significantly smaller than in areas in and around the OVLT
(p=0.0079; Mann-Whitney U test).
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Fig. 5-14: GnRH neurons around the OVLT are activated during the preovulatory GnRH/LH surge.
A) Photomicrograph of 2 GnRH neurons near the OVLT (brown cytoplasmic staining) with strong nuclear
labeling of c-Fos (black staining, arrows). A third c-Fos-positive GnRH neuron is out of focus (arrowhead).
B) Schematic of the distribution of GnRH neurons with c-Fos expression (black diamonds) and without (open
diamonds) in the OVLT-containing section of a representative animal at the time of the GnRH/LH surge. A
100 µm zone (black line) around the OVLT (gray, dashed line) is indicated.
C) The proportion of c-Fos expressing GnRH neurons is larger around the OVLT compared to the rPOA.
Scale bar: A 20 µm. ac anterior commissure. p=0.0079 Mann-Whitney U test.
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5.3.6 Effect of Luteinizing Hormone on OVLT-GnRH Neurons
The experiments so far have shown that GnRH neurons project dendrites into the OVLT where they
reside outside the BBB and are responsive to glutamate and kisspeptin. Further, GnRH neurons in the
immediate vicinity of the OVLT, likely to be outside the BBB, are participating in the preovulatory
GnRH/LH surge as suggested by their nuclear expression of c-Fos. This responsiveness in the OVLT
outside the BBB and the potential involvement in the GnRH-release at the ME led me to hypothesize
that LH released from the pituitary feeds back onto GnRH neurons with dendrites in the OVLT. Such
a feedback would allow for the timing of the length of GnRH/LH surges if serum LH was able to
inhibit GnRH release from the ME.
The possibility of LH actions on the hypothalamus and, in particular, on GnRH neurons had been
examined in the past. First evidence for a short feedback loop came from work done in the rabbit,
where exogenous LH was able to induce changes in the EEG (Kawakami and Sawyer, 1959). Studies
in the rat later hypothesized a negative feedback of LH onto GnRH secretion to explain findings in
which LH implants into the ME reduced release of LH from the pituitary (Corbin and Cohen, 1966;
David et al., 1966). However, multiple unit activity recordings in the rat showed an increase in activity
in the ME and a decrease in activity in the POA and AHA after i.v. infusion of LH (Terasawa et al.,
1969). In that study, increased activity in the ME was blocked by anterior deafferentiation and led the
authors to speculate about the presence of a positive feedback loop because of the elevated activity
within the ME. They ignored, however, the inhibitory action in the POA and AHA, which was later
confirmed by another study and is the region where most GnRH neurons reside (Wuttke, 1974). This
work reported a decrease in multiple unit activity in the medial POA of rats within 10-60 s of i.v.
injection of LH. Subsequent studies have ruled out a pituitary site of action for the LH negative
feedback and suggested the hypothalamus as the target (Turgeon and Barraclough, 1976; Conway and
McCann, 1990). Indeed, the LH receptor has been located to the preoptic area, periventricular and
arcuate nucleus (Lei et al., 1993), and is expressed in rat GnRH neurons and GT1-7 cells (Lei and
Rao, 1994). Evidence for a direct action at the level of the GnRH neuron terminals comes from work
on ME-explants lacking most of the somata in which LH inhibits the release of GnRH. (Nakazawa et
al., 1991). An alternative mechanism of negative feedback has been described by studies on the
enzyme L-cysteine arylamidase, which is expressed in the hypothalamus and can inactivate GnRH.
Kuhl and Taubert showed that the levels of this enzyme are increased by 50% within 90 min after
injection of LH and increasingly inactivate hypothalamic GnRH (Kuhl and Taubert, 1975).
Taken together there is evidence for a LH short negative feedback loop in the rat which may have
several sites of action within the hypothalamus. A similar mechanism has been shown in pigs (Ziecik
et al., 1988), however sheep and monkeys appear to lack a LH short feedback loop (Coppings and
Malven, 1975; Kesner et al., 1986; Skinner et al., 1997b) and no studies have been reported in mice.
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Since GnRH neurons with dendrites in the OVLT are in a privileged position to sense LH in the blood,
I hypothesized that a negative short feedback loop of LH in the mouse may exist and centrally involve
OVLT-GnRH neurons.
The effect of LH on the activity of OVLT-GnRH neurons was tested in acute coronal brain slices of
female animals in diestrus and proestrus. GnRH neurons with dendrites projecting into the OVLT
were recorded in the loose-patch on-cell configuration for 20-30 min to acquire a baseline of their
activity, then LH was perfused into the bath at a concentration of 10 ng/ml (0.35 nM) for 5 min. This
represents a high end physiological concentration of LH which can be measured in surging mice
(Herbison et al., 2008).
All cells recorded in diestrus were spontaneously active with an average firing rate of 0.65±0.25 Hz,
however the average firing frequency varied considerably (range 0.02-3.04 Hz; n=12 cells from 10
animals; Fig. 5-15). Eighty-three percent of the cells fired in intermittent bursts, whereas the
remaining cells were continuously active (n=12 cells). Treatment with LH showed no consistent
alteration in firing across the range of cells recorded, neither inhibitory, nor excitatory (Fig. 5-15).
Since most studies on LH feedback in the past had been performed on animals in proestrus (Terasawa
et al., 1969; Wuttke, 1974; Turgeon and Barraclough, 1976), the experiment was repeated on OVLTGnRH neurons in brain slices from proestrous mice to rule out plasticity of the responsiveness
throughout the estrous cycle. As in diestrus, all cells recorded were spontaneously active with an
average firing rate of 0.41±0.17 Hz that ranged from 0.02-1.49 Hz (Fig. 5-16; n=8 cells from 5
animals). This time, action potential firing was patterned in bursts only, but the application of LH in
the bath, again, was unable to induce consistent changes in firing (Fig. 5-16). When the firing during
the application was normalized to 5 min of baseline firing before the treatment and grouped data were
analyzed, no significant differences between the periods before, during or after LH were detected in
the firing of GnRH neurons of either diestrous or proestrous animals, respectively (Fig. 5-17;
p=0.5836; Kruskal-Wallis test). In the proestrous group two neurons had a low firing activity during
the baseline recording period and resumed firing coinciding with the application of LH (Fig. 5-16 G,
H). As a result, normalization of these data generated a strong relative increase in activity and
accounted for the non-significant average increase during and after LH-treatment in the grouped data
(Fig. 5-17).
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Fig. 5-15: Firing histograms of individual OVLT-GnRH neurons treated with LH in the diestrous stage.
Histograms showing the firing rate of individual OVLT-GnRH neurons during 25 min of experiment. Gray
boxed areas indicate the bath application of LH (10 ng/ml; 0.35 nM). No consistent changes in activity during or
after treatment were observed. Only 10 min of the recording either side of the LH-application are shown.
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Fig. 5-16: Firing histograms of individual OVLT-GnRH neurons treated with LH in the proestrous stage.
Recordings of GnRH neurons from proestrous mice were performed as in Fig. 5-15. Gray boxed areas indicate
the bath application of LH (10 ng/ml; 0.35 nM). No consistent changes in activity during or after treatment were
observed.
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Fig. 5-17: No effect of LH on the OVLT-GnRH neurons.
Average number of action potentials fired 5 min before, during and after treatment with LH normalized to
baseline before application of LH in diestrous and proestrous animals. No significant change in activity can be
observed during treatment with LH on the days of diestrus or proestrus (p=0.5836). Kruskal-Wallis test.
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5.4 DISCUSSION
In this chapter GnRH neurons are described to exhibit a very complex and branched morphology
specifically in the OVLT and its immediate surroundings. These projections into the OVLT are
dendritic in nature based on light- and electron microscopic criteria and have fast responses to the
neurotransmitters glutamate and kisspeptin. Also, evidence is provided that OVLT-GnRH neurons
reside outside the BBB and are electrically activated during the preovulatory GnRH surge.
Experiments investigating a possible negative feedback effect of LH onto OVLT-GnRH neurons
found no responsiveness.
The observation that many GnRH neuron projections to the OVLT are dendritic rather than axonal is
in contrast to longstanding previous perceptions, however this understanding was mainly based on
early light microscopic studies using techniques with relatively low sensitivity and antibody specificity
issues (Naik, 1976; Hoffman et al., 1978). Only two publications have cursorily addressed the
ultrastructure of GnRH neuronal elements in the OVLT and reported “isolated strings of varicosities”,
but no in-depth characterization was performed (Pelletier et al., 1977; Lehman and Silverman, 1988).
Immunohistochemistry for GnRH is valuable for tracing gross neuronal morphology, but it cannot be
expected to report every morphological detail of a cell since GnRH peptide is not freely distributed
throughout the cytoplasm, but rather confined to synthesizing organelles and dense core vesicles. The
cell filling approach with low molecular weight dyes of the present study, therefore, allows for the
resolution of details previous authors may have missed.
Based on the number of GnRH neuron cell bodies located in the vicinity of the OVLT, that often
project dendrites into the OVLT, it is estimated that more than 20% of rPOA GnRH neurons have
dendritic projections to the OVLT. Unfortunately, restrictions of the slice preparation hamper the
observation of long-range projections from more distant areas. GnRH neuron somata as distant as
330 µm were observed to extend dendrites into the OVLT, showing that OVLT-GnRH neurons are not
only confined to the immediate vicinity of the OVLT. This is supported by earlier
immunohistochemical studies reporting that GnRH neurons in the MS contribute to the OVLT
innervation as well (Burchanowski et al., 1979; King et al., 1982). In fact, the high fiber density in the
OVLT suggests that probably a large number of GnRH neurons innervate the OVLT. This means the
present estimate of ~20% is likely to be a conservative one.
The remarkably complex morphology of GnRH neuron dendrites in the OVLT is very unlike what has
been described before. GnRH neurons have been known to exhibit a certain degree of branching and
multipolarity at prepubertal ages, but largely acquire almost cable-like character in the adult, which is
a very unique morphology in the mammalian CNS (Campbell et al., 2005; Cottrell et al., 2006;
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Campbell et al., 2009). In that regard, the present observations indicate that GnRH neurons have the
ability to exhibit complex morphology even in the adult animal and suggest that GnRH neurons may
share more similarities with more classical neuronal phenotypes than generally appreciated. Given that
the work on prepubertal GnRH neurons was restricted to GnRH neurons in the rPOA one may ask the
question whether the reported findings really reflect higher degrees of complexity in young animals or
just represent a sampling error of complex OVLT-GnRH neurons (Cottrell et al., 2006). In support of
the latter, no other studies on peripubertal GnRH neurons have reported increased complexity
compared to the adult (Takahashi et al., 1988; Witkin and Romero, 1995). Strikingly, the high degree
of branching clustered around the OVLT overlapped with the areas into which HRP was able to
penetrate (present study;(Broadwell and Brightman, 1976). This adds the intriguing possibility that
blood-borne factors may induce or maintain these ramifications.
GnRH neuron neurites in the OVLT responded to the local application of glutamate, which reinforces
their dendritic identity. The observation that some of these dendrites lose their responsiveness in more
central areas of the OVLT may indicate that, in these regions, glutamatergic input is not predominant.
This would suggest other neuronal inputs such as serotonin, dopamine, somatostatin or kisspeptin,
which are all known to innervate the OVLT (Bosler and Descarries, 1988; Clarkson and Herbison,
2006; Koyama et al., 2012). Alternatively, this could hint at a relatively higher degree of peripheral
modulation by blood-borne factors via the disrupted BBB. Indeed, as would be expected, the
concentration of blood-borne substances is highest in the central areas close to the vessels as suggested
by restricted diffusion of HRP under experimental conditions with a short time course (Krisch et al.,
1987).
As expected, the activation of GnRH neurons by small puffs of kisspeptin, was smaller than during
bath application which fully activates GnRH neurons (Han et al., 2005; Liu et al., 2008). The
comparison to classical GnRH neurons in the rPOA indicates that OVLT-GnRH neurons, on the
whole, have a similar pattern of responsiveness to kisspeptin as GnRH neurons in other locations.
More importantly, their sensitivity to kisspeptin within the OVLT may help to explain the finding that
peripherally injected kisspeptin stimulates GnRH-dependent secretion of LH (Messager et al., 2005;
Navarro et al., 2005a; Navarro et al., 2005b). In this scenario, kisspeptin, which is thought to not
penetrate the BBB (Scott and Brown, 2011), could exert its actions directly on the GnRH neuron
dendrites in the OVLT and alter GnRH neurosecretion. This would be in addition to its described
modulatory role at the level of the GnRH neuron terminals in the ME (d'Anglemont de Tassigny et al.,
2008; Smith et al., 2011). Still, a physiological role for the peripheral action of kisspeptin onto GnRH
neurons remains to be shown. Kisspeptin and its receptor Gpr54 are expressed in a variety of tissues
throughout the body and during pregnancy large amounts are released from the placenta into the blood
(Muir et al., 2001; Ohtaki et al., 2001; Funes et al., 2003; Horikoshi et al., 2003; Mead et al., 2007).
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However, these physiological states of high concentrations of circulating kisspeptin have not been
investigated at the level of the GnRH neuron network yet.
The exact physiological role of GnRH neuron dendrites in the OVLT remains to be established, but a
first insight is provided by the observation that many of these GnRH neurons are activated during the
preovulatory GnRH/LH surge. Interestingly, the proportion of c-Fos-positive GnRH neurons was
higher around the OVLT compared to the rest of the rPOA, which may hint at a central role of OVLTGnRH neurons in the generation of the GnRH surge. This means that a significant proportion of
GnRH neurons crucial for reproductive function apparently have direct access to the periphery outside
of the BBB. As hypothesized in Section 5.3.6, this dendritic arbor outside the BBB could mediate a
short negative feedback of LH to regulate its own release from the pituitary through modulation of
GnRH secretion. The recordings from OVLT-GnRH neurons treated with LH showed that this
population of neurons was not inhibited by LH in the timescale of minutes, but slower actions cannot
be excluded since recordings were only continued for 25-35 min after application of LH. However, an
even slower response seems unlikely since changes in neuronal activity of the mediobasal
hypothalamus have been reported to occur within seconds of infusion of LH (Wuttke, 1974). In
contrast to what would be expected the average firing rate of the neurons recorded, albeit not reaching
statistical significance, was elevated and not inhibited. Rather than a true effect of LH, this appeared to
be due to the normalization procedure, which produced large relative changes in firing for the few
cells with low activity during the baseline recording period. However, the normalization was
necessary in order to allow for comparison of the range of firing frequencies across the population of
cells recorded. Thus, the observed trends to increased firing after the application of LH are likely to
represent heterogeneity in GnRH neuron firing rather than modulation by LH. Overall, the lack of
inhibition in both diestrous and proestrous stages indicates that a negative short feedback of LH is
unlikely to be mediated through OVLT-GnRH neurons, however LH effects on other more classical
GnRH neurons can neither be confirmed nor ruled out at present stage.
The present work suggests that OVLT-GnRH neurons are able to react to peripheral factors conveyed
by the blood and that they take part in the proestrous GnRH/LH surge as indicated by their expression
of c-Fos. Indirectly, this activation during the surge implies that these neurons are innervating the ME
to release GnRH (Hoffman et al., 1993); however, clear evidence for a hypophysiotropic projection of
OVLT-GnRH neurons is missing. In addition to the c-Fos data, support for a direct connection to the
ME stems from several publications which reported that a large proportion of fibers of the
periventricular pathway originate from the OVLT (Burchanowski and Sternberger, 1980; Kawano and
Daikoku, 1981; Bennett-Clarke and Joseph, 1982; King et al., 1982; Witkin et al., 1982). As an
alternative, OVLT-GnRH neurons may signal indirectly through other neurons of the GnRH network.
Evidence for this is provided by the present findings that OVLT-GnRH neurons are in close contact
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with more classical GnRH neurons in the rPOA. These interactions had a synapse-like character on the
light microscopic level and are reminiscent of previous ultrastructural descriptions of GnRH-GnRH
synaptic contacts (Liposits et al., 1984; Leranth et al., 1985; Silverman and Witkin, 1985; Witkin,
1987; Chen et al., 1990). Further, these sites of interaction are also known to contain the neuropeptide
galanin, an excitatory modulator of GnRH neuron activity (Merchenthaler et al., 1990; Liposits et al.,
1995; Todman et al., 2005). Interestingly, galanin and its receptor are co-expressed predominantly in
GnRH neurons around the OVLT, which may reflect a high degree of cross-connectivity of GnRH
neurons in this area (Merchenthaler et al., 1991; Mitchell et al., 1999). Together, there is good
evidence that OVLT-GnRH neurons can relay information gathered in the OVLT to the ME; either
through direct innervation or through interaction with other hypophysiotropic GnRH neurons.
The OVLT is centrally involved in homeostatic processes such as osmoregulation and the febrile
response to inflammation and infection (van Dam et al., 1992; Johnson and Gross, 1993; Ferguson and
Bains, 1996; Konsman et al., 1999; Ciura and Bourque, 2006). Whereas effects of changed blood
osmolarity upon GnRH neuron function have not been reported, it is evident that inflammatory
cytokines such as interleukins and tumor necrosis factor powerfully suppress the reproductive axis
(Kalra et al., 1990; Rivier and Vale, 1990; Rivest et al., 1993; Watanobe and Hayakawa, 2003).
Intriguingly, these cytokines act also at the level of neurons and glia around the OVLT to trigger
febrile responses and it is interesting to note that GnRH neurons in the same area are known to express
the receptors for some of these mediators (Konsman et al., 1999; Blatteis, 2000; Jasoni et al., 2005).
OVLT-GnRH neurons are therefore in a prime position to mediate suppressive effects of cytokines, a
hypothesis which will be pursued further in Chapter 6.

113

CHAPTER V

114

6CHAPTER VI
EFFECTS OF PERIPHERALLY
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6.1 INTRODUCTION
Chapter 5 described the anatomy and morphology of a novel subpopulation of GnRH neurons which
projects dendrites into the OVLT and outside the BBB and characterized some electrophysiological
properties of these dendrites. A main question about the OVLT-GnRH neurons, however, remains to
be answered:
Why do neurons which are centrally involved in regulating reproduction actively seek contact to the
periphery by extending dendrites outside the BBB? Or, to put it in other words: What is the
physiological role of GnRH neuron dendrites in the OVLT and what kind of stimulus or information
are they responsive to?
As already discussed in Chapter 5, kisspeptin circulating in the blood stream could potentially act
upon GnRH neuron dendrites in the OVLT and modulate GnRH neuron firing. Kisspeptin and its
receptor GPR54 are expressed in a variety of places outside the CNS and during pregnancy circulating
levels of placenta-derived kisspeptin are high (Muir et al., 2001; Ohtaki et al., 2001; Funes et al.,
2003; Horikoshi et al., 2003; Mead et al., 2007). However, physiological actions of peripheral
kisspeptin upon GnRH neurons remain to be shown.
Another possible physiological role stems from the fact that the reproductive axis is suppressed during
systemic infection. While this response seems logical as the body is not in a favorable position to
support a (successful) pregnancy, the underlying mechanisms remain poorly understood (Daniel et al.,
2003).
As part of the innate immune response, special receptors from the toll-like receptor (TLR) family are
able to detect key molecules of pathogens (pathogen-associated molecular patterns, PAMPs) such as
viruses, bacteria or other microbes (Kawai and Akira, 2010). These receptors are expressed throughout
the body, though mainly by cells of the immune system. Following the binding of a ligand they can
either trigger an immediate response within the cell, and/or cause it to release cytokines such as
interferons, interleukins (Il) and tumor necrosis factor α (TNFα). As a result, levels of inflammatory
cytokines circulating in the blood can be substantial and mediate a multitude of responses in other
parts of the body in a hormonal fashion. As the mammalian immune response is triggered by the
detection of PAMPs by TLRs, disease-like states can be induced by injection of TLR agonists. For
example, lipopolysaccharide (LPS), derived from gram-negative bacteria and agonist for TLR4
(Poltorak et al., 1998), is commonly used to powerfully mimic bacterial infection without the
confounding effects of actual sickness and has been widely used in studies investigating the impact of
inflammation on fertility. Studies on peripubertal rats, for example, showed that repeated
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intraperitoneal (i.p.) injections of LPS can delay vaginal opening and decrease basal LH serum levels
(Cardoso et al., 2010). Importantly, during the proestrous GnRH/LH surge, systemic LPS can decrease
the expression of c-Fos in GnRH neurons in the rat and decrease the amount of GnRH mRNA in the
medial POA (Nappi and Rivest, 1997). A similar study was found to entirely prevent the LH surge in a
progesterone-induced surge model (He et al., 2003). Interestingly, rhythmical activity in the rat
mediobasal hypothalamus, which is thought to represent the GnRH pulse generator, could be
abolished by i.v. injections of LPS, and this effect was mimicked by injections of TNFα (Yoo et al.,
1997). Likewise, the number and amplitude of LH peaks, which closely follow the release pattern of
GnRH, were reduced after central administration of Il-1 which is produced in response to LPS
challenge (Bonavera et al., 1993). This suggested that cytokines mediate the suppressive effects of
LPS and this was confirmed by a study which directly showed that the cytokines TNFα and Il-1β, but
not Il-6, infused into the medial POA had the same effect on GnRH and LH release as systemic LPS
challenge (Watanobe and Hayakawa, 2003). This upstream effect of LPS put into perspective earlier
studies which had described suppressed LH surges and blocked ovulation after centrally administered
Il-1 (a and β) and TNFα (Kalra et al., 1990; Rivier and Vale, 1990; Rivest and Rivier, 1993). Also,
chronic central infusion of Il-1β had abolished estrous cyclicity and decreased GnRH expression
(Rivest et al., 1993). On the whole, these studies demonstrate that cytokines produced during systemic
infection induce the suppression of the reproductive axis and suggest that the GnRH/LH system is a
target of the cytokines TNFα and Il-1β.
A number of studies have described the appearance of TNFα and Il-1 in the hypothalamus after
systemic LPS challenge. In the rat, elevated levels of Il-1β can be detected in the hypothalamus 3 h
after i.p. injection of LPS (Hillhouse and Mosley, 1993). In the mouse, on the contrary, increased
mRNA of Il-1β and TNFα was already present 1 h after LPS administration (Laye et al., 1994).
Subsequent studies showed that these cytokines are mainly released by hypothalamic microglia
(Mingam et al., 2008; Nam et al., 2008), and to some extent by macrophages in the meninges of the
brain (Garabedian et al., 2000). Notably, systemic LPS administration has been reported to induce
expression of TNFα and Il-1β in the OVLT (van Dam et al., 1992; Van Dam et al., 1995; Brochu et
al., 1999; Konsman et al., 1999). In all, there is good evidence for increased levels of inflammatory
cytokine production in the hypothalamus and particularly the OVLT as a response to peripherally
administered LPS.
Prostaglandins form a separate class of signaling molecules which accumulate in the brain after
systemic LPS injection and have effects on GnRH neurons. Perivascular macrophages in the
vasculature of the CNS release prostaglandin E2 into the neuropil upon LPS challenge (Serrats et al.,
2010), and the expression of cyclooxygenase 2, the central enzyme for prostaglandin E2 synthesis, is
increased in the OVLT of LPS injected rats (Konsman et al., 2000). Interestingly, prostaglandin E2
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released from astrocytes is important for normal GnRH firing and triggers GnRH release from the
GnRH-producing GT1-1 cell line (Rage et al., 1997; Clasadonte et al., 2011). Also, in the sheep, the
suppression of the GnRH/LH system by LPS is mediated by prostaglandins (Harris et al., 2000). Thus,
in addition to cytokines, prostaglandins may play a role in the inhibition of GnRH release during states
of immune/inflammatory challenge.
Some pattern recognition receptors of the TLR family are expressed in the brain (McGettrick and
O'Neill, 2010), and single cell microarray analyses suggest TLR5 and TLR9, receptors for bacterial
flagellin and CpG oligodeoxynucleotides respectively, are present in some GnRH neurons (Jasoni et
al., 2005). These receptors would enable GnRH neurons to directly sense the presence of pathogenic
bacteria. The same study also reported the expression of prostaglandin and cytokine receptors
(including the receptors for Il-1 and TNFα). Thus, GnRH neurons are well positioned to respond to
pathogenic challenges via the cytokine/prostaglandin-route as well. Together with the data discussed
above, there is good evidence for GnRH neuron dendrites being exposed to significant concentrations
of inflammatory cytokines and prostaglandins in the highly vascularized OVLT, both from peripheral
and local sources.
Once bound to a receptor on the cell surface, cytokines typically activate intracellular downstream
pathways through phosphorylation of protein kinases which results in in-/activation of transcription
factors (Saklatvala et al., 1996). Two well-studied mitogen-activated protein kinases are the
extracellular signal-regulated kinases 1 and 2 (ERK1/2). After receptor activation, ERK1/2 is
phosphorylated at a tyrosine residue in a three-tier step which involves Ras, Raf and MEK (Sawe et
al., 2008). Phosphorylated ERK1/2 (pERK1/2) then itself phosphorylates a wide range of downstream
proteins. Overall, ERK1/2 signaling has a high degree of complexity and redundancy and many
signaling cascades converge on or diverge from it, respectively. Peripheral injection of Il-1β elicits the
phosphorylation of ERK1/2 in a number of hypothalamic areas including the OVLT (Nadjar et al.,
2005). In a GnRH expressing cell line from the rat hypothalamus, pERK1/2 is expressed after
treatment with Il-6 indicating that GnRH neurons have the potential to respond to cytokines with
changes in ERK1/2 phosphorylation (Igaz et al., 2006).
One group of transcription factors activated by cytokines, including interferons and interleukins, are
the signal transducers and activators of transcription (STATs) (Finbloom and Larner, 1995). As with
ERK1/1, phosphorylation by various kinases causes activation, upon which phosphorylated STAT
(pSTAT) gets recruited to the nucleus and binds to promoter regions of target genes. In the past,
several studies have studied the activation profile of the family member STAT3 in the hypothalamus
after peripheral LPS or cytokine injection (Konsman et al., 2000; Harre et al., 2002; Harre et al., 2003;
Hosoi et al., 2004). In the OVLT, pSTAT3 was observed in nuclei of astrocytes, but also a range of
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other unidentified neurons (Konsman et al., 2000; Harre et al., 2003). It therefore is a good candidate
to be expressed in OVLT-GnRH neurons during systemic infection.
In order to investigate possible suppressive effects of systemic infection on the GnRH neuronal
network through the subpopulation of OVLT-GnRH neurons, a wide-angled approach for an initial
experiment was chosen. As LPS is a powerful inducer of innate immune response mechanisms with
massive cytokine release and reported effects on GnRH and LH release, it was injected i.p. into adult
animals. Immunohistochemical labeling for pERK1/2 and pSTAT3 as broad markers for changes in
intracellular signaling were then performed to assess whether there was any effect on GnRH neurons
around the OVLT or elsewhere.

6.2 MATERIALS AND METHODS
6.2.1 LPS Injections
Lipopolysaccharide (Enzo Life Sciences, ALX-581-012) stock solution was diluted in pyrogen-free
water to a concentration of 100 µg/ml and injected i.p. into five adult female wildtype mice at a dose
of 500 ng/g body weight. Similar doses had been used in previous studies and yielded increased
expression of pSTAT3 in the hypothalamus and OVLT (Harre et al., 2002; Hosoi et al., 2004;
Konsman et al., 2000). Three further animals were control-injected with pyrogen-free water only.
After 1 h, a blood sample was taken from the vena cava and the control-injected and 3 LPS-injected
animals were transcardially perfused with 4% PFA as described in Chapter 2. The remaining 2 LPSinjected animals had blood samples taken and were perfused 2 h post injection. In a second set of
experiments 3 adult male wildtype mice were injected as described above and a control group of
3 male animals received vehicle-injections only. This cohort was transcardially perfused after taking
blood samples 4 h after injection. A radioimmunoassay for LH was performed on the blood samples
by Shel Hwa Yeo.

6.2.2 Immunohistochemistry for pERK1/2
The brains were cut from the MS to the caudal arcuate nucleus into two sets of 30 µm-thick coronal
sections as described in Chapter 2. Sections of one set were labeled for pERK1/2 and GnRH according
to the protocol described in Chapter 2. Antibodies used were rabbit anti-pERK1/2 (1:1000) and sheep
anti-GnRH (1:1000) in conjunction with the secondary antibodies donkey anti-rabbit biotinylated
(1:1000) and donkey anti-sheep Texas Red (1:500; details of all antibodies are listed in Chapter 2).
The biotinylated antibody was labeled using streptavidin AlexaFluor 488 (1:500). Control sections
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without primary antibody incubation were devoid of staining. The specificity of the pERK1/2
antiserum has been shown before (Cholfin and Rubenstein, 2008).

6.2.3 Immunohistochemistry for pSTAT3
The second set of brain sections from the animals above was rinsed for 3x10 min in wash buffer (TBS
with 0.1% (w/v) Tween-20) followed by an antigen unmasking procedure required to visualize
pSTAT3 (Ladyman et al., 2011). To do so, sections were incubated in a 1 mM EDTA buffer (pH 8.0)
at 95°C for 15 min followed by washes for 3x5 min in wash buffer. Subsequently, endogenous
peroxidases were quenched by incubation in 0.3% H2O2 in TBS for 10 min and the sections were
again washed for 3x5 min in wash buffer. Non-specific antibody binding was blocked by incubation in
wash buffer containing 3% BSA and 3% normal goat serum for 1 h. The primary antibody rabbit antipSTAT3 was diluted 1:3000 in the same solution and sections were incubated at 4°C on a shaker
overnight. The next day, the tissue was rinsed for 3x10 min in wash buffer and then incubated with
biotinylated goat anti-rabbit antibody, diluted 1:500 in wash buffer containing 3% normal goat serum.
After washing for 3x10 min in wash buffer, sections were incubated for 1 h in A/B Vectastain Elite
solution, washed again for 3x10 min, and then the Nickel-DAB reaction was run in chromagen
reaction buffer (refer to Appendix A) until nuclei acquired a black staining. Tissue was washed again
for 3x10 min and peroxidases were blocked as described above. After washes in TBS for 3x10 min,
the tissue was incubated in rabbit anti-GnRH antibody diluted 1:20,000 in incubation solution (0.3%
(w/v) Triton X-100 and 0.25% (w/v) bovine serum albumin in TBS, pH 7.6) containing 2% normal
goat serum at 4°C for 48 h. After washes in TBS for 3x10 min, sections were incubated with goat antirabbit HRP antibody (1:500) for 90 min followed by further washing steps. Following this, the DAB
reaction was run in chromagen buffer lacking Nickel sulphate until GnRH neurons were stained in
brown. Control sections without primary antibody incubation lacked any kind of staining. Sections
were mounted on gelatin-coated slides and coverslipped using DPX. The specificity of the pSTAT3
antibody has been shown in western blots where it stains a single band (Yamauchi et al., 2006).

6.2.4 Microscopic Analysis
Sections were analyzed using an Olympus BX51 microscope equipped with a Spot camera (model 7.4;
Diagnostic Instruments) and 20x/0.75 and 40x/0.9 Olympus uPlanSApo objectives. Exposure times
were kept constant across all specimens to allow for comparison of protein expression levels.
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6.3 RESULTS
6.3.1 Animal Response to LPS
After i.p. injection of LPS, obvious changes in behavior and appearance of the mice were observed
during the time course of the experiment, but only in the group treated with LPS. Overall roaming
activity in the cage decreased as the animals became increasingly sedentary. A hunched posture and
fluffed up fur were particularly notable at later time points in the 2 h and 4 h groups. Analysis of the
blood samples at the time of death measured 0.73±0.15 ng/ml and 0.59±0.09 ng/ml LH in the serum of
vehicle- and LPS-injected animals, respectively (Fig. 6-1; vehicle: n=6 animals; LPS: n=8 animals).
This difference did not reach statistical significance (p=0.217; unpaired Student’s t-test), but in the
LPS-treated group 3 animals had LH levels below the detection limit of the assay (0.2 ng/ml LH), and
two of those were from the 4 h treatment group (Fig. 6-1). In contrast, only 1 animal had LH-levels
below the detection limit in the vehicle-treated group (Fig. 6-1).

Fig. 6-1: Levels of LH in the serum of vehicle- and LPS-treated mice.
Serum LH measured with a radioimmunoassay. Samples below the detection limit of LH (0.2 ng/ml LH) are
plotted at 0.2 ng/ml. The plotted lines indicate the average ± standard error of the mean, excluding the samples
below the detection limit. The two groups are not significantly different (p=0.217). Unpaired Student’s t-test.
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6.3.2 pERK1/2 Expression in OVLT-GnRH Neurons
Immunohistochemistry for pERK1/2 labeled individual unidentified neurons in the arcuate nucleus
(Fig. 6-2 A) and cerebral cortex (not shown) of vehicle-injected animals (n=6 animals). Only moderate
diffuse staining was observed in other brain areas such as the subfornical organ and paraventricular
nucleus (Fig. 6-2 C, E). One hour after the injection of LPS no changes in pERK1/2 expression were
observed in the arcuate nucleus (Fig. 6-2 B), but the level of immunofluorescence was increased in the
subfornical organ and paraventricular nucleus of all 3 mice (Fig. 6-2 D, F). This observation was
consistent in animals which were killed 2 h or 4 h after LPS administration (not shown).

Fig. 6-2: pERK1/2 expression in the brain after systemic LPS injection.
A) Unidentified neurons in the arcuate nucleus express pERK1/2 (green, arrows) in vehicle-injected animals.
Fibers of GnRH neurons (red) can be seen innervating the ME.
B) One hour after injection of LPS, unidentified pERK1/2-positive neurons are still observed in the arcuate
nucleus.
C,D) The subfornical organ shows low levels of pERK1/2 expression in vehicle-treated animals, but the
expression is increased in LPS-injected animals. GnRH fibers are labeled in red.
E,F) In the paraventricular nucleus little pERK1/2 is expressed in control animals, but the expression is
increased in LPS-injected animals.
Scale bars: 100 µm.

Dual-label for GnRH in vehicle-treated animals showed no colocalization around the OVLT (Fig. 6-3,
A, B) nor in any other location. In animals injected with LPS, 1 h, 2 h or 4 h after injection, no
expression of pERK1/2 was observed in any GnRH neuron in the OVLT or in other locations (Fig.
6-3, C-H; 1 h n=3 animals, 2 h n=2 animals; 4 h n=3 animals).
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Fig. 6-3: No expression of pERK1/2 in GnRH neurons around the OVLT after i.p. injection of LPS.
A) In vehicle-treated animals no pERK1/2 label (green) was observed in GnRH neurons (red) in the OVLT. The
boxed area outlines the image shown in B.
B) High magnification image of a GnRH neuron cell body (arrowhead) without pERK1/2 labeling.
C,D) No pERK1/2 labeling in GnRH neurons 1 h after i.p. injection of LPS.
E,F) No pERK1/2 labeling in GnRH neurons 2 h after i.p. injection of LPS.
G,H) No pERK1/2 labeling in GnRH neurons 4 h after i.p. injection of LPS.
Scale bars: A, C, E, G 100 µm; B, D, F, H 50 µm;
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6.3.3 pSTAT3 Expression in OVLT-GnRH Neurons
Immunohistochemistry for pSTAT3 labeled only a small number of nuclei in the arcuate nucleus and
ME of vehicle-treated animals (Fig. 6-4 A; n=6 animals). The rest of the forebrain was completely
negative (Fig. 6-4 C, E). One hour after injection of LPS, numerous pSTAT3-positive cells were
observed exclusively in the ME, subfornical organ and meninges, whereas the rest of the forebrain,
again, had a complete absence of staining (Fig. 6-4 B, D, F; n=3 animals). This observation was
identical in animals which were killed 2 h or 4 h after LPS administration (not shown).

Fig. 6-4: pSTAT3 expression in the brain after systemic LPS injection.
A) Weak nuclear expression of pSTAT3 (arrowheads) in a small number of cells in the arcuate nucleus and ME
in vehicle-injected animals. GnRH neuron fibers are labeled in brown.
B) Increased number of pSTAT3 expressing cells in the same region as in A, 1 h after i.p. injection of LPS.
C,D) The number of pSTAT3 expressing cells (arrowheads) in the subfornical organ increases after systemic
injection of LPS.
E,F) pSTAT3 is expressed in the meninges and infrequently in cortical endothelial cells (arrowheads) only after
LPS injection. The rest of the forebrain is unlabeled.
Scale bar: all images 100 µm.

When GnRH neurons were examined for pSTAT3 labeling, no dual-label was observed in any GnRH
neuron at any location of vehicle-treated animals (Fig. 6-5 A, B; n=6 animals). In the OVLT, 1 h after
injection of LPS, a strong increase of pSTAT3 signal was observed (Fig. 6-5 C), but this was never
observed in GnRH neurons (Fig. 6-5 D; n=3 animals). GnRH neurons were analyzed in all other
locations as well, but dual-label was never observed (not shown). At the 2 h and 4 h time points, the
number of pSTAT3-positive nuclei in the OVLT decreased compared to the 1 h group (Fig. 6-5 E, G),
but again, no dual-label with GnRH was observed in the OVLT (Fig. 6-5 F, H; 2 h n=2 animals; 4 h
n=3 animals) or anywhere else (not shown).
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Fig. 6-5: No expression of pSTAT3 in GnRH neurons targeting the OVLT after systemic injection of LPS.
A) No expression of pSTAT3 (black) anywhere in the OVLT region after i.p. injection of vehicle only. GnRH
neurons are labeled in brown. The boxed area outlines the higher magnification image shown in B.
B) A GnRH neuron without nuclear pSTAT3 labeling (open arrowhead).
C,D) Many cells in the OVLT express pSTAT3 1 h after i.p. injection of LPS, but there is no label in nuclei of
GnRH neurons. pSTAT3 is expressed in unidentified nuclei (black arrowhead) and some fibers.
E,F) pSTAT3 is expressed in the OVLT 2 h after injection of LPS, but not in GnRH neurons.
G,H) pSTAT3 is expressed in the OVLT 4 h after injection of LPS, but not in GnRH neurons.
Scale bars: A, C, E, G 100 µm; B, D, F, H 20 µm.
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6.4 DISCUSSION
This chapter addressed whether the suppression of the GnRH/LH system during systemic infection is
mediated through the population of OVLT-GnRH neurons by looking for changes in the activation of
ERK1/2 and the transcription factor STAT3. Neither GnRH neurons with projections into the OVLT,
nor other GnRH neurons responded to a systemic LPS challenge with increased ERK1/2 and STAT3
phosphorylation.
Immunohistochemical labeling of pERK1/2 in the brain of vehicle- and LPS/Il-1β-injected animals has
been reported before (Nadjar et al., 2005; Singru et al., 2008). The current observation of pERK1/2positive cells in the cerebral cortex, subfornical organ, paraventricular nucleus and arcuate nucleus is
in agreement with these studies. An increase of labeling in the OVLT after LPS-injection, however,
was not detected and this is in contrast with the observations of Nadjar et al., who systemically
injected Il-1β, which is a cytokine released as a response to LPS (Nadjar et al., 2005). In this
publication, however, pERK1/2 levels in the OVLT were highly variably across the experiments, even
in vehicle-treated animals. Further, the endogenous levels of Il-1β generated after LPS-challenge in
the presently used model are likely to be much lower than in the above study and this difference may
account for the observed discrepancy. Thus, the overall expression of pERK1/2 with or without LPStreatment is in line with previous reports.
Several studies have investigated the expression profile of pSTAT3 in various regions of the
hypothalamus after the injection of LPS or cytokines (Konsman et al., 2000; Harre et al., 2002; Harre
et al., 2003; Hosoi et al., 2004; Rummel et al., 2006). In the present study STAT3 phosphorylation
was similarly found to be increased in the OVLT and arcuate nucleus. While increased expression of
pSTAT3 in the subfornical organ has not yet been described in response to LPS-treatment, the current
observation of strong STAT3 phosphorylation in cells of the meninges might reflect their activation to
release Il-1β (Garabedian et al., 2000).
There are several explanations for the lack of observed ERK1/2 and STAT3 phosphorylation in GnRH
neurons. One possible reason for the lack of activation could derive from the experimental design.
Poor performance of antibody labeling can be ruled out, as other unidentified cell types were labeled
appropriately. Failure to induce an immune response can be rejected for various reasons: i) The treated
mice showed signs of sickness and a non-significant trend towards decreased circulating levels of LH.
ii) LPS induced a profound induction of STAT3 phosphorylation in unidentified cells in the OVLT
and elsewhere, which is in line with observations by other studies (Konsman et al., 2000; Harre et al.,
2002; Harre et al., 2003; Hosoi et al., 2004; Rummel et al., 2006). iii) Neurons in the paraventricular
nucleus expressed pERK1/2 in LPS-treated animals, an effect which has been reported before (Singru
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et al., 2008). Another possible reason could be that changes in phosphorylation of ERK1/2 and STAT3
may occur outside the time window investigated, since animals were analyzed only in the 1 h to 4 h
period after LPS injection. An activation of ERK1/2 and STAT3 later than 4 h after injection,
however, seems unlikely, because effects on LH release and multiunit activity in the mediobasal
hypothalamus have been detected as early as 1 h after i.v. injection (Yoo et al., 1997; Watanobe and
Hayakawa, 2003). Further, the density of pSTAT3-positive nuclei in the OVLT at 4 h was already
declining compared to the 1 h group. On the other hand, activation and subsequent dephosphorylation
before the 1 h time point remains a possibility. In mice, however, blood levels of TNFα take up to 2 h
to rise after i.v. injection of LPS (Dentener et al., 1989). More importantly, LPS-induced expression of
pSTAT3 and pERK1/2 persisted in other neuronal cell types throughout the period analyzed, rendering
a different response kinetic in GnRH neurons unlikely. Lastly, the present study used i.p. injections of
LPS. That may exert slower effects of LPS than in the studies using i.v. injections (Yoo et al., 1997;
Watanobe and Hayakawa, 2003). Brought together, the temporal design of this study is unlikely to be
a compromising factor and several lines of evidence point at a successfully elicited immune response
by LPS.
Another reason for the lack of response could be that LPS-induced signaling, in GnRH neurons, is
conveyed by intracellular pathways other than ERK1/2 and STAT3. If only the two most potent
suppressors of the GnRH/LH system are taken into account, Il-1β and TNFα (Watanobe and
Hayakawa, 2003), it becomes obvious that a number of protein kinases could be activated in GnRH
neurons. In addition to ERK1/2, IL-1β and TNFα can signal through p54 MAP kinase, p38 MAP
kinase, IκB kinase and a β-casein kinase (Saklatvala et al., 1996). A similar situation exists for
transcription factors downstream of the protein kinase cascades. Transcription factors regulated by
cytokines, in addition to STAT3, include NFκB (Saklatvala et al., 1996) and all other members of the
STAT family (Finbloom and Larner, 1995). Also, alternatively to cytokine signaling as a whole, the
actual mediator of a GnRH neuron response could be the prostaglandins which can modulate GnRH
neuron firing through a cAMP/PKA dependent pathway (Clasadonte et al., 2011). Finally, due to the
expression of TLR5 and TLR9 in GnRH neurons, direct actions of the PAMPs flagellin and
CpG oligodeoxynucleotides would be conceivable (Jasoni et al., 2005).
Nevertheless, the choice of the examined markers, pERK1/2 and pSTAT3, was well-justified as
already outlined in Section 6.1. ERK1/2 is activated in GnRH neurons upon treatment with Il-6 (Igaz
et al., 2006), and in the OVLT, STAT3 is phosphorylated in as yet unidentified cell types after
peripheral LPS injection (Konsman et al., 2000; Harre et al., 2003). Importantly, a very similar
expression of pSTAT3 was observed in the present experiments, but as colocalization with GnRH was
not detected, its expression is more likely confined to astrocytes and body temperature regulating
neurons as suggested before (Konsman et al., 2000; Harre et al., 2003).
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An alternative explanation for the lack of changes in signaling molecule phosphorylation could be that
the above mentioned pathways are bypassed altogether. It may be speculated that GnRH neurons in
the OVLT, upon stimulation by cytokines, would change their firing independently of the intracellular
protein kinase pathways which would result in altered GnRH release at the median eminence. In
macrophages, for example, calcium activated potassium channels (BK channels) are opened by the
binding of LPS to the membrane-bound receptor mCD14 (Blunck et al., 2001; Seydel et al., 2001). In
neurons however, it appears that cytokine effects on electrical properties in many cases involve the
recruitment of kinases and transcription factors (Albensi and Mattson, 2000; Tabarean et al., 2006;
Kawasaki et al., 2008). A direct effect of cytokines on ion channels in GnRH neuron therefore seems
unlikely.
A final explanation is that LPS/cytokine effects on GnRH neurons are indirect through upstream
neuronal networks rather than direct. This is supported by a substantial line of evidence which
suggests that decreased GnRH release at the ME is caused by increased release of inhibitory
neuropeptides onto GnRH neurons (Kalra et al., 1998). Indeed, Il-1β has been shown to increase the
expression of the neuropeptide precursor proopiomelanocortin in the arcuate nucleus, and blocking the
µ opiate receptor showed that proopiomelanocortin-derived β-endorphin, at least in part, mediated the
inhibition of the GnRH-LH system (Bonavera et al., 1993). A very similar case has also been made for
the tachykinins, which appear to be expressed at high levels after Il-1β administration (Kalra et al.,
1992). This study showed inhibitory effects mediated by the NK2 receptor on pituitary gonadotrophs
but also hinted at effects on the opioid system in the arcuate nucleus. The emerging central role of the
arcuate nucleus has recently been expanded by a study showing a reduction of kisspeptin expression, a
strong stimulator of GnRH release, after LPS injections in rats (Castellano et al., 2010). The increased
phosphorylation of STAT3 in the arcuate nucleus observed here might indeed reflect some of the
changes in gene expression in this area.
In conclusion, this set of experiments has provided evidence to rule out that LPS-induced immune
responses directly affect GnRH neuron physiology through ERK1/2 or STAT3 phosphorylation in the
OVLT or elsewhere. Modulation through other (intracellular) signaling pathways, however, remains
plausible and needs further work as it was beyond the scope of this thesis. In addition, alternative
putative physiological roles of GnRH neuron dendrites in the OVLT are discussed in Chapter 7.
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7.1 SUMMARY OF FINDINGS
This thesis aimed at i) finding the subcellular origin of the axon in GnRH neurons and ii)
characterizing the projections of GnRH neurons into the OVLT and ME. Initial experiments to
discriminate GnRH neuron axons and dendrites using common immunohistochemical markers were
unable to label any GnRH neuron compartment. Only Ankyrin G, a specific marker for the action
potential generating IS, was found to dual-label GnRH neurons, however not exclusively in axonal
fibers and it was thus not a reliable indicator for axon versus dendrite discrimination. Therefore, I had
to resort to morphological analyses to define criteria for the characterization of GnRH neuron neurites.
With this morphological nomenclature I then went on to investigate the location and morphometric
properties of the Ankyrin G-labeled IS in GnRH neurons. These analyses showed that only about 25%
of ISs were located in a classical axon, in all the rest of the cases it was situated in one of the neuron’s
dendrites. Remarkably, experiments which reconstructed the full length of these dendrites revealed
that they are the main projection of GnRH neurons into the ME. This projection has a mixed
morphology (“dendron”), as it emerges as a dendrite from the soma, but then gradually turns axonal on
its trajectory near to the ME, where it branches out and forms terminals apposing blood vessels in the
lateral and external zones.
Analyses of the GnRH neuron innervation of the OVLT found that many of these projections exhibit
dendritic hallmarks such as spines and responsiveness to glutamate and that these dendrites reside
outside the BBB as shown by peripheral injections of HRP. Further, kisspeptin applied locally in the
OVLT stimulated the firing of OVLT-GnRH neurons, which, like other GnRH neurons in the rPOA,
were also found to be activated during the GnRH/LH surge as indicated by the expression of c-Fos.
Dendritic innervation of areas outside the BBB suggested peripheral modulation of GnRH neuron
(electro-) physiology and experiments were conducted to address their involvement in a short negative
feedback loop of LH, however no evidence for this was found. A second hypothesis that the
suppression of the GnRH/LH system during systemic infection is mediated by OVLT-GnRH neurons
was tested in vivo with subsequent immunohistochemistry for intracellular signaling pathways
(ERK1/2 and STAT3), but again the hypothesis had to be rejected for the markers analyzed.
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7.2 GNRH NEURON SIGNALING ALONG THE DENDRON
The dendron, the GnRH neuron projection to the ME with both dendritic and axonal characteristics,
was only able to be investigated in the ventral horizontal slice preparation, which, unlike other slice
preparations, maintains intact the entire length of the neurite from the cell body to its terminals. This
means that these experiments were conducted exclusively on the GnRH neurons of the AHA, and one
has to ask the question whether the current findings can be extrapolated to the large group of GnRH
neurons in the rPOA and MS as well. Three lines of evidence indicate that this may indeed be the case.
First, classical axons were mostly observed only in GnRH neurons residing in the immediate
surroundings of the OVLT and ME, areas which contain only a small number of GnRH neurons
compared to the overall population. In more distant areas, i.e. the MS and the more lateral aspects of
the rPOA and AHA, only 14% of GnRH neurons containing an IS had an axon, and as already
discussed in Chapter 3 this is likely to be an overestimate due to constraints of the slice preparation.
This means that about 90% of GnRH neurons have the IS located in a dendrite. Second, axons were
never observed emerging from the distal dendrite, although they were imaged for up to 1500 µm,
suggesting that the dendrite projecting in a ventrocaudal direction is the projection to the ME. Third,
and in agreement with this notion, the dendrite of a filled unipolar GnRH neuron located in the rPOA
in a sagittal slice was followed for 2380 µm into the ventromedial hypothalamus, where it had been
cut during the slice preparation (own unpublished observation). My conclusion is therefore, that the
dendron is the standard hypophysiotropic projection of GnRH neurons in the MS, rPOA and AHA.
The present discovery that the GnRH neuron dendrite is a continuous structure with the final
projections in the ME closes the gap between the GnRH neuron soma/dendrite and the terminals in the
ME which so far have only been addressed in detail separately. This helps to explain the curious
electrophysiological findings of dendritic action potential generation in GnRH neurons (Roberts et al.,
2008; Iremonger and Herbison, 2012). Typically, action potential generation occurs only in the
projecting compartment, i.e. the axon (Kole and Stuart, 2012). From those previous studies one had to
infer that GnRH neurons exhibit axons somewhere along the dendrite, however, the present findings
strongly suggest the single-compartment structure of the dendron.
Interestingly, the dendrites of GnRH neurons in the AHA did not exclusively innervate the ME. In
particular the projection from the rostral cell pole often extended caudally through lateral regions of
the hypothalamus before its trajectory was lost due to damage during the slice preparation. These
neurites may represent the extrahypothalamic projections to the mammillary bodies, interpeduncular
nucleus and ventral tegmental area (Bennett-Clarke and Joseph, 1982; Witkin et al., 1982; King and
Anthony, 1984; Merchenthaler et al., 1984). Given that action potentials are faithfully propagated
along all compartments of the GnRH neuron (Fig. 4-5; (Roberts et al., 2008; Iremonger and Herbison,
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2012) this would suggest that neurosecretion of GnRH as a hormone in the ME coincides with
synaptic release as a neurotransmitter onto other neurons in the above mentioned regions. The role of
this, as already discussed in the Introduction (Section 1.2.2), is poorly investigated and largely remains
speculation.
The shared function and morphology of the dendron described in Chapter 4 suggests that it is the
central compartment encompassing many aspects of GnRH neuron signaling. Fluctuations of
intracellular calcium, which at the level of the soma are thought to be essential prerequisites of the
rhythmic activity of GnRH neurons (Lee et al., 2010), extend into the dendrite where calcium is
released from internal stores in the endoplasmic reticulum (Kozlowski et al., 1980; Jennes et al., 1985;
Witkin and Silverman, 1985; Iremonger and Herbison, 2012). Modulating synaptic input occurs
largely onto the dendrite (Witkin, 1989; Campbell et al., 2005), where the IS is typically located
(present study) and action potentials are generated due to a maximal sodium influx through voltage
activated sodium channels (Iremonger and Herbison, 2012). These action potentials then travel along
the dendron, which at the same time receives continuous synaptic input (present study). Finally, the
dendron releases GnRH as a hormone in the ME or as a neurotransmitter onto other neurons
(Goldsmith et al., 1994; Herbison, 2006). In all, this creates an emerging picture that the most central
aspects of GnRH neuron signaling, synaptic integration, action potential generation and conduction,
and GnRH release, are joined in a single compartment.
The currently observed dendrites in the OVLT suggest that GnRH neurons receive inputs in this area,
however, given the blurred functional role of the dendron it cannot be ruled out that GnRH is released
at certain sites in the OVLT as well, either in a neuromodulatory or neuroendocrine fashion. Whereas
GnRH is known to modulate the firing of some neurons in the OVLT (Felix and Phillips, 1979), its
release into the blood has been subject of speculations and investigations for decades (Naik, 1976;
Caraty and Skinner, 2008), but the field has not come to a conclusion as yet.
The shared axonal and dendritic morphology and function of the dendron is somewhat reminiscent of
the situation in invertebrates. In these systems, neurons are typically unipolar and extend a single thick
neurite from the soma that lacks synaptic input. Proximally, this neurite can give rise to dendritic side
branches which elaborate postsynaptic specializations, whereas the main fiber continues as an axon
with branched presynaptic terminals (Hammer, 1993; Burrows, 1996; Sanchez-Soriano et al., 2005). It
is interesting that similarly in GnRH neurons only few synapses impinge onto the soma, but
predominantly onto the dendrite which then further distally generates the action potential, the
difference to the invertebrate neuron only being the lack of dendritic ramifications in the proximal
region of the neurite (this study; (Witkin and Silverman, 1985; Chen et al., 1990; Iremonger and
Herbison, 2012). It is also interesting to note that cultured motor neurons of Drosophila melanogaster
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exhibit a pseudounipolar morphology which strongly resembles what can be observed in GnRH
neurons (Sanchez-Soriano et al., 2005). Further, GnRH neurons in the presumed vertebrate ancestor
Ciona intestinalis have a surprisingly similar bipolar appearance to higher vertebrate or mammalian
GnRH neurons, which themselves show little species differences (Silverman et al., 1994; Tsutsui et
al., 1998; Terakado, 2001). Therefore, it is tempting to speculate that the unusually simple
morphology of the mammalian GnRH neuron (compared to other neuronal phenotypes in the CNS of
higher vertebrates) may be a result of evolutionary conservation and may represent an ancestral
neuronal phenotype within the otherwise higher developed brain. The underlying reason for this may
be the central role of the GnRH neuron in the survival of the species, which consequently should not
allow for many alterations in order to maintain fertility. Alternatively one can assume that a simple
system (i.e. morphology) is less likely to experience perturbations than a rather complex one.
The mixed function of the GnRH neuron dendron violates the longstanding dogma of neuronal
polarity, which defines neuronal function into separate compartments of input (i.e. the postsynaptic
dendrite), signal transduction (i.e. the axon) and output (i.e. the axon presynaptic terminal), as it joins
all functions into a single structure. However, a growing body of work reporting morphological and
functional exclusions (reviewed in Section 4.4) suggests that this classical view is starting to change.
Therefore, whether the dendron identified here for GnRH neurons is unique or only unidentified in
other neuronal phenotypes remains to be established.

In that regard, my preliminary studies

examining the dopaminergic neurons projecting to the ME to control prolactin secretion have not
found evidence for a similar dendritic projection in another hypophysiotropic neuronal population
(Section 3.3.8).

7.3 GNRH NEURON DENDRITES OUTSIDE THE BLOOD-BRAIN
BARRIER
The findings that dendrites of GnRH neurons reside outside the BBB suggests that they are modulated
by blood-borne factors, however, the experiments testing this hypothesis for LH and systemic
infection were unable to confirm this. Further potential physiological mechanisms which could
involve GnRH neuron dendrites in the OVLT and could be addressed in future work are discussed
below.
The OVLT is well known for its role in osmoregulation as changes in blood osmolarity are detected by
neurons in the OVLT, which relay this information to the vasopressin neurons in the paraventricular
and supraoptic nuclei (Richard and Bourque, 1992; McKinley et al., 2004; Ciura and Bourque, 2006).
Whether GnRH neurons can respond to changes in blood osmolarity is unclear and how important this
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would be in a physiological context is debatable. Nevertheless, water deprivation is able to change
estrous cyclicity in rats, but the authors of these studies speculated that this may be stress-related
(Smith et al., 1973; Baldwin et al., 1976).
Another case for peripheral regulation of OVLT-GnRH neurons can be made for factors associated
with metabolic homeostasis. A balanced energy state of the organism is known to be essential for
proper reproductive function, which ultimately is governed by the release of GnRH (Pralong, 2010).
One central factor feeding back peripheral information about energy levels to the hypothalamus is the
hormone leptin which is released from adipose tissue (Gautron and Elmquist, 2011). Leptin is known
to be involved in the regulation of reproductive function, but due to the scarce expression of its
receptor at the level of the GnRH neuron it is more likely to exert its effects via second order neurons
in the hypothalamus (Finn et al., 1998; Gamba and Pralong, 2006; Quennell et al., 2009). Insulin, on
the other hand, which feeds back to the hypothalamus in a similar fashion, regulates long-term satiety
and appears to act directly on GnRH neurons (Burcelin et al., 2003; Gamba and Pralong, 2006; Salvi
et al., 2006). However, insulin levels in the CSF are proportional to peripheral levels due to a transport
mechanism across the BBB (Baura et al., 1993). Therefore, a projection of dendrites of GnRH neurons
outside the BBB to access circulating insulin would not be needed. Neuropeptide Y is a third factor
relaying metabolic information to GnRH neurons. It is present in the hypothalamus as well as the
circulation and GnRH neuron fibers in the OVLT express the Y1-receptor juxtaposed to blood vessels
(Campbell et al., 2001). However, in contrast to the neuropeptide Y-ergic pathways in the
paraventricular and arcuate nuclei, which directly innervate most of the GnRH neurons, the
systemically circulating neuropeptide Y is only weakly related to body metabolism (Kokot and Ficek,
1999). Finally, a fourth candidate to modulate GnRH neurons projecting to the OVLT in a metabolic
context could be circulating glucose itself. Adenosine triphosphate-sensitive potassium channels
(KATP-channels) are inward-rectifying channels gated by intracellular ATP, which increases in
concentration in response to high abundance of glucose, and therefore these channels couple
membrane excitability to cellular metabolism (Haider et al., 2005). GnRH neurons are known to
express KATP-channels and have been shown to functionally respond to low levels of Glucose with a
decrease in spontaneous firing (Zhang et al., 2007). As a consequence, GnRH neurons in the OVLT
could directly respond to the concentration of nutrients in the blood stream, however the parenchymal
levels of glucose reflect its concentration in the blood. This means glucose-sensing GnRH neurons do
not have to actively target the OVLT in order to monitor the organism’s energy status. To sum up,
GnRH neuron activity is tightly linked to the metabolic state of an organism via several pathways.
However in terms of regulation via the OVLT the hormones leptin, insulin and neuropeptide Y are
unlikely to be involved and glucose-signaling via the KATP-channels can take place in GnRH neurons
in any location.
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Similarly to a negative feedback of LH (discussed in Chapter 5), a feedback action of systemically
circulating GnRH onto GnRH neuron dendrites in the OVLT can be hypothesized. The effect of
GnRH onto GnRH neuron firing has been investigated and can be either stimulatory or inhibitory
depending on its concentration or the animal’s estrous stage (Xu et al., 2004; Xu et al., 2008; Han et
al., 2010). Interestingly, the inhibitory effect occurs specifically on some neurons only during
proestrus, at the same time at which GnRH is released in large amounts from the ME (Han et al.,
2010). In addition, GnRH has been shown to inhibit the firing of unidentified neurons in and near the
OVLT (Felix and Phillips, 1979; Sayer et al., 1984), some of which may represent GnRH neurons
residing outside the BBB. Studies in vivo were unable to find evidence for a short feedback in
castrated rams (Caraty et al., 1990), but did so in ewes and male rats (Valenca et al., 1987;
Padmanabhan et al., 1995). In the mouse, GnRH feedback has not been investigated. Together, a
negative feedback of systemically circulating GnRH targeting OVLT-GnRH neurons at the time of the
proestrous GnRH/LH surge is conceivable, but species and sex differences have to be taken into
account.
Alternatively one has to acknowledge that the projection outside the BBB may lack a physiological
relevance altogether. In light of this, the OVLT may simply serve as a neuronal hub where multiple
neuronal modalities come into proximity and interact. This notion is supported by the large number of
neurotransmitters which have been reported in this region. These include (to name just a few)
serotonin, dopamine, somatostatin, kisspeptin, angiotensin II, and galanin (Bosler and Descarries,
1988; Oldfield et al., 1989; Merchenthaler et al., 1991; Clarkson and Herbison, 2006; Koyama et al.,
2012). Indeed, synapses and intimate contact between neurites have been observed in this area (Bosler
and Descarries, 1988; Koyama et al., 2012), however, some of these transmitters have also been found
in axonal terminals in close association with blood vessels suggesting they are released into the
circulation (Bosler and Descarries, 1988; Oldfield et al., 1989). Thus, neuronal signaling in the OVLT
involves modulation by the periphery (McKinley et al., 2004), synaptic transmission (Bosler and
Descarries, 1988; Koyama et al., 2012) and neurosecretion (Bosler and Descarries, 1988; Oldfield et
al., 1989). The GnRH neurons are in a position to participate in any of these mechanisms.
The finding that GnRH neurons project dendrites outside the BBB has implications for other neuronal
networks as well. The CVOs are established sites of interaction between the brain and periphery and
numerous modulating factors and pathways onto cells in these regions have been identified (Ferguson
and Bains, 1996; Oldfield and McKinley, 2004). These studies have mainly focused on the immediate
surroundings of the CVOs. The possibility of longer range dendritic projections actively targeted into
areas lacking a BBB, as described here for the GnRH neurons, suggests that much wider regions and
accordingly a larger number of neurons may have access to the periphery than previously suspected.
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7.4 DEVELOPMENTAL ASPECTS
One interesting finding of the present work was that about 50% of the GnRH neurons in the vicinity of
the OVLT and ME elaborate an axon compared with only 10% of the more distant GnRH neurons
This hints at the presence of trophic axon-inducing factors in the CVOs. Indeed, angiogenic and
neurotrophic factors such as the fibroblast growth factors (FGF) 1 and 2 are known to be expressed in
the OVLT, periventricular ependymal cells and ME (Cuevas et al., 1991; Tooyama et al., 1991;
Gonzalez et al., 1994). Particularly, FGF2 is well-known for its stimulatory actions specifically on
axonal but not dendritic outgrowth. For example, in cultured neurons FGF2 induces axon elongation
and branching (Rousselet et al., 1988; Zhou and DiFiglia, 1993), while having little effect on dendrites
(Patel and McNamara, 1995). GnRH neurons are known to express FGF receptors and extend fibers
towards a source of FGF2 when cultured (Gibson et al., 2000) and have a disrupted developmental
phenotype when they express a dominant negative FGF receptor (Tsai et al., 2005; Gill and Tsai,
2006). Thus, it is tempting to speculate that GnRH neurons which have migrated close to the
periventricular sources of FGF2, compared to GnRH neuron somata in more distant regions, are
subject to elevated stimulation to extend an axon. The current data also suggest that the axon is the
GnRH neuron projection bridging short distances between cell bodies and the densely innervated
CVOs, while the dendron is the default projection over longer distances. This dendritic projection to
the ME also has implications for GnRH neuron development. During the migration from the olfactory
placode into the hypothalamus, fibers are extended first and the cell body follows (Wray, 2010). The
present work identifying those projections to be dendritic in the majority of cases suggests that the
leading process of the GnRH neuron is dendritic and not axonal as expected before. As there are
differences between axons and dendrites in terms of guidance mechanisms, this needs to be taken into
account in future investigations of the development of the GnRH neuron network.
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7.5 OPEN QUESTIONS
The findings of this thesis have changed the perspective of how GnRH neuron signaling may work
using primarily morphological approaches. As a result, several open questions were revealed and these
aspects may be worth addressing in future as they were beyond the scope of this thesis. These
questions are briefly listed here and reference is given to sections where they have been discussed in
more detail.
Questions which could be addressed morphologically/immunohistochemically:
Can the finding of the dendron in the AHA be extended to the GnRH neurons in more
rostral areas? (discussed in Section 7.2)
What are the modalities of the synaptic inputs in the immediate vicinity of the IS – the
synapses with the presumably largest impact on GnRH neuron firing? (discussed in
Section 3.4)
Does the position, length and ion channel density of the IS undergo plasticity during
the estrous cycle to modulate GnRH neuron firing? (discussed in Section 3.4)
Questions which could be addressed electrophysiologically:
Does synaptic input along the dendron modulate GnRH release at the ME? If so, what
are the underlying mechanisms? e.g. increased firing, action potential broadening,
elevated intracellular Ca2+ in the terminals etc. (discussed in Section 4.4)
Does blood-borne GnRH modulate the activity of OVLT-GnRH neurons? (discussed
in Section 7.3)
Do GnRH neurons respond to increased levels of prostaglandins in the OVLT in states
of systemic infection? (discussed in Sections 6.1 and 6.4)
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7.6 CONCLUSION
Two major findings regarding GnRH neuron morphology have been made during the preparation of
this thesis and are summarized in Fig. 7-1. Both findings have significant implications for the
understanding of GnRH neuron signaling.
First, the majority of GnRH neurons have their action potential generating IS located in a dendrite
rather than an axon. This dendrite is the standard hypophysiotropic projection of the GnRH neuron, as
it extends all the way to the ME. Shortly before reaching the ME this dendrite acquires axonal
morphology and ramifies into numerous terminals apposing blood vessels in the lateral and external
zones of the ME. The mixed morphology of a dendrite and axon has led me to term this projection the
“dendron”. These unprecedented morphological findings imply that the dendron is functionally
different from a classical axon and suggests that the hypophysiotropic signal of the GnRH neuron is
modulated in various ways along the length of this projection. While action potential patterning and
protein synthesis is thought to occur in the somatic compartment (Lee et al., 2010), synapses in the
proximity of the IS will be the most effective drivers of action potential firing. Synaptic input further
distal near the sites of release in the ME may be modulatory and able to fine-tune the secretion of
GnRH into the pituitary portal circulation.
Second, part of the enigmatic innervation of the OVLT by GnRH neurons is dendritic in nature. These
dendrites reside outside of the BBB putting GnRH neurons in a position where they have direct access
to contents of the peripheral blood. This finding considerably expands the array of potential GnRH
neuron modulators and hence the ways by which fertility may be regulated.
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Fig. 7-1: The known morphology of the GnRH neuron before and after this thesis.
Before this thesis, GnRH neurons were thought to exhibit simple unbranched dendrites bearing numerous spines.
Action potentials were known to be generated either in the soma or a dendrite, but the exact position had not
been described yet. The subcellular origin of the axon was unknown, but the axonal projection to the ME was
well characterized. The innervation of the OVLT was thought to be axonal, but its exact function was unclear.
The work performed in this thesis found that the action potential generating IS (red) is located predominantly in
the proximal dendrite. This dendrite then projects into the ME where it acquires axonal morphology. The GnRH
neuron projection into the OVLT was found to be dendritic in nature and was of highly complex morphology
unlike the classical simple GnRH neuron dendrite. These dendrites outside the BBB may render GnRH neurons
responsive to constituents of the peripheral blood.
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APPENDIX A
The following buffers and solutions have been routinely used throughout this thesis and are listed in
alphabetical order:

Cutting artificial cerebrospinal fluid (ACSF)
118 mM NaCl
3 mM KCl
11 mM D-Glucose
10 mM HEPES
25 mM NaHCO3
0.5 mM CaCl2
6 mM MgCl2
302 mosmol/kg
pH 7.4

Recording ACSF
118 mM NaCl
3 mM KCl
11 mM D-Glucose
10 mM HEPES
25 mM NaHCO3
2.5 mM CaCl2
1.2 mM MgCl2
297 mosmol/kg
pH 7.4

Chromagen reaction buffer
0.1 M sodium acetate
240 µM Nickel(II) sulphate hexahydrate
55.5 µM glucose
37.4 µM ammonium chloride
1.74 µM 3,3′-Diaminobenzidine tetrahydrochloride hydrate (DAB)
traces of glucose oxidase from Aspergillus niger
pH 6.0
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Cryoprotectant
0.9% (w/v) NaCl
30% (w/v) sucrose
1% (w/v) polyvinylpyrrolidone
30% (v/v) ethylene glycol
in 0.1 M phosphate buffer
pH 7.6

Incubation solution
0.3% (w/v) Triton X-100
0.25% (w/v) bovine serum albumin
0.05 M Tris
0.15 M NaCl
pH 7.6

High Triton incubation solution
0.6% (w/v) Triton X-100
0.25% (w/v) bovine serum albumin
0.05 M Tris
0.15 M NaCl
pH 7.6

4% Paraformaldehyde (4% PFA)
4% (w/v) paraformaldehyde
in 0.1 M phosphate buffer
pH 7.6

Peroxidase block
40% (v/v) Methanol
0.9% (v/v) H2O2
0.05 M Tris
0.15 M NaCl
pH 7.6
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Pipette solution
135 mM K-gluconate
5 mM NaCl
10 mM HEPES
10 mM EGTA
1 mM MgCl2
1 mM CaCl2
5 mM MgATP
0.1 mM Na2GTP
299 mosmol/kg
pH 7.3

Tris-buffered saline (TBS)
0.05 M Tris
0.15 M NaCl
pH 7.6

Wash buffer
0.1% (w/v) Tween-20
0.05 M Tris
0.15 M NaCl
pH 7.6
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Gonadotropin-Releasing Hormone Neurons Extend
Complex Highly Branched Dendritic Trees Outside the
Blood-Brain Barrier
Michel K. Herde, Katrin Geist, Rebecca E. Campbell, and Allan E. Herbison
Department of Physiology and Centre for Neuroendocrinology, University of Otago, Dunedin 9054,
New Zealand

GnRH neurons project axons to the median eminence to control pituitary release of gonadotropins
and, as such, represent the principal output neurons of the neuronal network controlling fertility.
It is well established that the GnRH neurons exhibit a simple bipolar morphology with one or two
long dendrites. Using adult GnRH-green fluorescent protein transgenic mice and juxtacellular cell
filling, we report here that a subpopulation of GnRH neurons located in the rostral preoptic area
exhibit extremely complex branching dendritic trees that fill the organum vasculosum of the
lamina terminalis (OVLT). The dendritic nature of these processes was demonstrated at both light
and electron microscopic levels by the presence of spines, dendritic ultrastructure, and synapses.
Further, electrophysiological recordings showed that GnRH neurons were excited by glutamate as
well as kisspeptin puffed onto their dendrites located within the OVLT. Using iv injection of horseradish peroxidase, a molecule unable to penetrate the blood-brain barrier (BBB), we show that
GnRH neuron cell bodies and dendrites within 100 m of the OVLT reside outside the BBB. Approximately 85% of GnRH neurons in this area express c-Fos at the time of the GnRH surge. These
observations demonstrate that GnRH neurons extend complex, highly branched dendritic trees
beyond the BBB into the OVLT, where they will be able to sense directly molecules circulating in
the bloodstream. This indicates a new mechanism for the modulation of GnRH neurons that
extends considerably the range of factors that are integrated by these neurons for the control
of fertility. (Endocrinology 152: 3832–3841, 2011)

he brain is protected from the constituents of the
bloodstream by tight endothelial junctions forming
the blood-brain barrier (BBB). The only exceptions to this
arrangement are found in the circumventricular organs,
including the subfornical organ, area postrema, median
eminence, and organum vasculosum of the lamina terminalis (OVLT); specialized sites at which direct communication occurs between the blood stream and neuronal and
glial elements. A substantial amount of work has shown
that cells in circumventricular organs, rich in a variety of
neuropeptide and cytokine receptors, have key roles in
sensing systemic toxins, including pyrogens, and molecules related to body fluid homeostasis (1– 4). However,

T

relatively little is known about roles of circumventricular
organs outside these functions (3, 5).
GnRH neurons are the final output neurons of the hypothalamus that control fertility in all mammals. The
function of GnRH neurons is reflected in part by their
anatomy, because despite having their cell bodies scattered
throughout the basal forebrain, most GnRH neurons project axons to the external zone of the median eminence
from where they secrete GnRH into the portal vasculature to control pituitary gonadotropin release (6 – 8).
One curious and unexplained feature of the GnRH neuronal system, however, has been that of the role of the
very high density of GnRH fibers found within the
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OVLT (6). Although recognized for over 35 yr (9),
the function of these GnRH neuron projections has remained unknown (8).
Morphological studies have shown that GnRH neurons have a very simple uni- or bipolar morphology with
very long, typically unbranched dendrites (⬎1000 m)
that are covered in spines (10, 11). These dendrites frequently bundle with dendrites of other GnRH neurons and
make close appositions that enable them to share individual synaptic input (12). Further, GnRH neuron dendrites
possess active conductances and can even be the site of
action potential initiation (13). These findings have led to
an emerging view that GnRH neuron dendrites are the key
neuronal compartment for synaptic integration and spike
initiation in these cells (14). In view of the emerging importance of the GnRH neuron dendrite, it is critical to
obtain a full understanding of their structure and function.
We report here the surprising observation that a subpopulation of GnRH neurons located in the rostral
preoptic area (rPOA) extend extraordinarily complex processes into the OVLT. These processes exhibit ultrastructural and electrophysiological characteristics of dendrites
and are shown to lie outside the BBB.
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Confocal analysis
Filled GnRH neurons were imaged using a Zeiss LSM 510
confocal microscope with LSM 510 software (version 3.2; Zeiss,
Oberkochen, Germany). Image stacks were acquired at 0.9-m
intervals with a 40x/1.3 Plan Neofluar objective using ⫻3 zoom.
Images are shown as maximum intensity projections or single
plane images. Images were subsequently montaged together and
adjusted for contrast and brightness in Photoshop CS4; reconstructions were manually drawn using Illustrator CS4 (both
Adobe Systems, San Jose, CA).

Antibodies
␤-3-Tubulin was used as a general neuronal marker (1:1000,
MAB1195, lot HGQ01; R&D Systems, Minneapolis, MN).
Dendritic markers were microtubule-associated protein 2 (1:
1000, M4403, lot 111K4806; Sigma-Aldrich, St. Louis, MO),
dephosphorylated heavy neurofilament (1:500, SMI32; Sternberger Monoclonals, Princeton, NJ), and kinesin-like protein 17
(1:100, ab11261, lot 721005; Abcam, Cambridge, UK). Axonal
markers used were Tau1 (1:500, MAB3420, lot LV1563313;
Millipore, Bedford, MA) and phosphorylated heavy neurofilament (1:500, SMI31; Sternberger Monoclonals). GFP signal was
amplified by using a GFP antibody (1:5000, A6455, lot 71B1;
Molecular Probes). Secondary antibodies used were goat antirabbit and goat antimouse conjugated with Alexa Fluor 488 and
Alexa Fluor 568 (1:200 to 1:1000; Molecular Probes).

Immunohistochemistry

Materials and Methods
Experimental animals
GnRH-green fluorescent protein (GFP) mice (15) were
housed with 12 h of light and ad libitum access to food and water.
All experiments were approved by the University of Otago Animal Welfare and Ethics Committee.

Juxtacellular filling of GnRH neurons
GnRH-GFP mice at the age of 40 –90 d were killed, and 200m-thick coronal brain slices containing the POA and OVLT
were prepared as described previously (10). GnRH neurons were
briefly identified under fluorescence using ⫻10 and ⫻40 water
immersion objectives and a loose patch configuration (15– 60
M⍀) was obtained under differential interference contrast optics. Patch pipettes (6 –9 M⍀) were pulled on a horizontal puller
(P-97; Sutter Instrument Co., Novato, CA) using borosilicate
capillaries (G150TF-3; Warner Instruments, Hamden, CT). The
pipette solution (pH 7.3) contained (in mM) 135 K-gluconate, 5
NaCl, 10 HEPES, 10 EGTA, 1 MgCl2, 1 CaCl2, 5 MgATP, and
0.1 Na2GTP and Neurobiotin (SP-1120; Vector Laboratories,
Burlingame, CA) was added to a final concentration of 0.2%.
Juxtacellular filling was achieved using voltage steps of 200 mV
and 60-msec duration delivered at 10 Hz through an AxoClamp
2B amplifier (Axon Instruments, Sunnyvale, CA) for 20 – 45 min.
After filling, slices were fixed in 4% paraformaldehyde (pH 7.6)
at 4 C for 12 h. After washing in Tris-buffered saline (TBS)
(pH7.6), slices were incubated with streptavidin-Alexa Fluor
568 (Molecular Probes, Eugene, OR) in TBS containing 0.3%
Triton X-100 and 0.25% BSA at room temperature for 4 h and
subsequently rinsed and mounted.

Adult GnRH-GFP mice were anesthetized with pentobarbital
and transcardially perfused with 4% paraformaldehyde in phosphate buffer (pH 7.6). Sections of 30-m thickness were cut on
a freezing stage microtome and washed in TBS. Primary antibodies were incubated for 48 h at 4 C in TBS containing 0.3%
Triton X-100, 0.25% BSA, and 2% normal goat serum. Secondary antibodies were incubated in the same solution for 90
min at room temperature followed by washing steps and
mounting.

Transmission electron microscopy
Experiments were conducted as reported previously (12).
Briefly, two diestrous female GnRH-GFP mice were anesthetized
and transcardially perfused with 4% paraformaldehyde and
0.5% glutaraldehyde. Coronal sections (50 m) were cut on a
vibratome and incubated in a mixture of primary antibodies
(LR5 rabbit anti-GnRH, 1:10,000, gift of R. Benoit; rabbit antiGFP 1:2000; Molecular Probes). Secondary antibody [ultrasmall
gold conjugate of f(ab’)/f(ab)2 goat antirabbit, 100.366; Aurion,
Wageningen, The Netherlands] incubation, and silver enhancement was performed using Aurion reagents. Tissue was osmicated with 0.5% osmium tetroxide, resin embedded, and semithin sections (4 m) and ultrathin serial sections (60 –90 nm)
were cut on an ultramicrotome. After staining with 1% uranyl
acetate, ultrathin sections were examined using a Philips CM100
transmission electron microscope (Philips/FEI Corporation,
Eindhoven, Holland).

Electrophysiology
Slice preparation and seal acquisition was performed as described above. Spontaneous electrical activity of GnRH neurons
was recorded in voltage clamp mode, and 1 mM glutamate dis-
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solved in artificial cerebrospinal fluid (ACSF) was puffed onto
the slice for 20 msec at a pressure of 10 pounds per square inch
(PSI) using a patch pipette (6 –9 M⍀) and a PicoPump (PV820;
World Precision Instruments, Sarasota, FL). Likewise, 100 nM
kisspeptin-10 (Metastin-10, no. 445888; Calbiochem, San Diego, CA) dissolved in ACSF was puffed onto the slice for 5 sec at
a pressure of 6 PSI. Within the recording chamber, the slice was
always positioned in an orientation, where the flow of ACSF
(⬃3.1 ml/min) was away from the soma of the recorded cell, thus
preventing “spill over” to nondendritic sites.

Horseradish peroxidase (HRP) injections
Six GnRH-GFP mice were deeply anesthetized with ketamine/Domitor and HRP (type IV, P8375; Sigma-Aldrich) dissolved in sterile saline (30 mg/ml) was injected iv at a dose of 15
mg/100 g body weight (b.w.). After 5 min (n ⫽ 2) or 25 min (n ⫽
4), the animals were transcardially perfused with 4% paraformaldehyde. Brains were sectioned (30 m), and the peroxidase
was visualized using the NiDAB reaction, pseudocolored red for
photographic representation. GFP signal was enhanced using a
GFP antibody as described above.

c-Fos expression in GnRH neurons
LH surges were induced in five ovariectomized adult female
mice as described previously (16, 17). Briefly, ovariectomized
animals with sc estradiol implants were injected with estradiol
benzoate (1 g/20 g b.w.) in the morning (1100 h) of the day
before the surge. In the morning (1100 h) of the day of the surge,
animals received an injection of progesterone (500 mg/20 g
b.w.), which yields a reliable LH surge at lights out (1800 h). At
the time of the surge, blood samples were taken and animals were
transcardially perfused (1730 –1800 h) with 4% paraformaldehyde as described above. Immunohistochemistry for GnRH and
c-Fos was performed as described (17) using a c-Fos antibody
(1:10,000, sc-52; Santa Cruz Biotechnology, Inc., Santa Cruz,
CA) and a GnRH antibody (1:40,000, LR1; gift of R. Benoit,
Montreal, Canada). Those GnRH neuron perikarya with or
without nuclear c-Fos labeling were then counted within a
100-m radius of the OVLT and within the remaining rPOA
(three sections per mouse). A RIA for LH in the blood was performed as described previously (17).

Data presentation
Values are presented as mean ⫾
indicated.

SEM

unless otherwise

Results
A subpopulation of rPOA GnRH neurons exhibit
highly branched dendritic trees that extend into
the OVLT
The GnRH-GFP transgenic mouse line exhibits a near
perfect correlation between GFP expression and GnRH
immunoreactivity (15). Using an acute brain slice preparation, individual GnRH neurons of adult male GnRHGFP mice (n ⫽ 41; 40 –90 d old) were patched and juxtacellularly filled through the patch pipette with
Neurobiotin. Subsequent reconstruction of confocal im-
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ages from filled cells revealed the classic simple uni- or
bipolar morphology of GnRH neurons located within the
rPOA and medial septum as reported previously (Fig. 1, A
and B) (10). Surprisingly, however, when GnRH neurons
with cell bodies located adjacent to the OVLT were investigated, they were found to extend highly branched
dendritic trees into the OVLT (Figs. 1 and 2).
We analyzed the trajectories of multiple GnRH neurons
within single rPOA brain slices to establish the relationship of their cell bodies and dendrites to the OVLT. This
showed that if a GnRH neuron cell body was located
within 100 m of the OVLT, it would in most cases (13 of
19 filled cells, 68%) extend a highly branched dendritic
tree into the OVLT (Fig. 2A). We noticed, however, that
simple unbranched dendrites originating from GnRH neuron cell bodies distant to the OVLT could also become
highly branched if they came near the OVLT. By filling
GnRH neurons throughout the rPOA, we found that 73%
of dendrites located within the OVLT were branched (n ⫽
33 dendrites) compared with 61% within a 100-m radius
of the OVLT (n ⫽ 44), 22% in the 100- to 200-m zone
surrounding the OVLT (n ⫽ 36), and less than 8% at
distances beyond 200 m (n ⫽ 25) (Fig. 2A). This means
that a GnRH neuron with its cell body located within 100
m of the OVLT would very often extend a complex dendritic tree into the OVLT. However, it was also possible
for a GnRH neuron with a more distant cell body to show
the same branching phenomenon if its dendrite projected in
the direction of the OVLT (see red/orange neurons in Figs.
1D and 2B). Because it is not only those neurons with cell
bodies adjacent to the OVLT that contribute to its dendritic
innervation and limitations of the slice procedure, it is difficult to assess the total number of rPOA GnRH neurons that
send dendrites to the OVLT. However, counts in adult female and male mice, respectively, showed that 27 ⫾ 7 and
21 ⫾ 3% of rPOA GnRH neurons have their cell bodies
residing within 100 m of the OVLT. Thus, we suspect that
more than 20% of GnRH neurons in the rPOA extend complex dendritic trees into the OVLT.
Dendritic identity of GnRH neuron neurites in
the OVLT
To examine the nature of GnRH neuron neurites in the
OVLT, we undertook a series of dual-immunofluorescence
studies using a range of established markers in adult GnRHGFP transgenic mice (n ⫽ 12, five male and seven female).
We tested the general neuronal marker ␤-3-tubulin (18), the
dendritic markers microtubule-associated protein 2 (19), dephosphorylated heavy neurofilament (20) and kinesin-like
protein 17 (21), and the axon markers axonal phosphorylated heavy neurofilament (20) and Tau1 (22). However,
despite staining appropriate compartments of other neuro-
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FIG. 1. Examples of Neurobiotin-filled GnRH neurons in the adult mouse brain. A, Montage of confocal stack projections of a simple bipolar
GnRH neuron (red/yellow) in the POA. B, Camera-lucida-like schematic traced from images in A. C, Montage of confocal stack projections of a
rPOA GnRH neuron (red/yellow) with a dendrite targeting the OVLT (midline plexus of GnRH neuronal processes endogenously labeled with GFP,
green) and exhibiting a branching, irregular dendritic tree within the OVLT. a, b, and c, Position of high-power single-plane confocal images
showing the presence of spines (arrowheads) on the dendrites within the OVLT shown in C and D. Note that the first branching dorsal-orientated
dendrite has been omitted from C but is shown in D. D, Schematic traced from confocal images in C superimposed on the GFP signal in grayscale.
E, Low-power view of the neuron in C and D showing its relationship to other GnRH neurons (black) located in the rPOA. Scale bars: 50 m (B–D),
2 m (c), and 100 m (E). MS, Medial septum.

nal phenotypes, none of these markers colocalized to any
GnRH neuron compartment (Supplemental Fig. 1, published on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org).
We therefore undertook other approaches to identify
the nature of GnRH processes in the OVLT. First, confocal microscopy analysis revealed that a great majority of
the complex GnRH neuron neurites in the OVLT exhibited spines throughout their length (Fig. 1, C and D).
Second, we undertook ultrastructural studies using
silver-enhanced immunogold labeling with transmission
electron microscopy. In these studies, as before (12), we
combined GnRH and GFP antisera to enhance our ability
to examine GnRH processes. In both animals, we observed a substantial number of GnRH/GFP-labeled processes within the OVLT. We found neurites with a loose
microtubular arrangement, a lack of vesicles and synapses
typical of dendritic elements (Fig. 3, A and B) as well as
immunoreactive elements with packed dense core vesicles,
typical of presynaptic elements seen in axons (Fig. 3C).

To further examine whether the neurites were dendrites, as suggested by anatomical data, we investigated
whether they responded electrophysiologically to locally
applied glutamate. Such responses would not be expected
in axons, which typically do not express glutamate receptors. Individual GnRH neurons from coronal brain slices
prepared from five adult male GnRH-GFP mice were recorded in the on-cell configuration, and brief puffs of 1 mM
glutamate (20 msec, 10 PSI) were applied to different parts
of the GnRH neuron. As illustrated in Fig. 4, it was possible to induce action potential firing in GnRH neurons
when a puff of glutamate was made 40 m but not 60 m
from the soma (Fig. 4B), indicating the effective radius of
a puff. When the same locally confined puff was applied to
the distant (⬎100 m) dendrites of five GnRH neurons,
determined by following the GFP fluorescent dendrite into
the OVLT, it was similarly found to evoke firing in all
neurons. In two of these GnRH neurons, glutamate was
effective in activating firing when puffed at any location of
the visible dendrite in the OVLT. For the other three
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FIG. 2. Multiple GnRH neurons project complex dendritic trees into the OVLT. A, Correlation of GnRH neuronal dendritic elements exhibiting
branching points to their distance from the OVLT. Distances are measured from the outer margin of the OVLT; dendritic numbers are given in
white at the base of each bar. B, Camera-lucida-like schematic traced from confocal stack projections of three filled GnRH neurons targeting the
OVLT superimposed on the endogenous GFP signal in grayscale. Note other GnRH neurons (gray) immediately adjacent to the OVLT. Scale bar, 50
m. Inner dashed gray line outlines the OVLT, outer dashed line represents a distance of approximately 100 m from the OVLT.

GnRH neurons, the response to glutamate was lost at
more distant sites within the OVLT (Fig. 4B). Under identical recording conditions, puffs of ACSF onto cell body or
dendrite did not elicit action potentials but did so after
switching to the puff pipette solution with 1 mM glutamate
(data not shown).
Are the complex GnRH neuron dendrites in the
OVLT outside the BBB?
The results above suggested that GnRH neuron dendrites in the OVLT were outside the BBB. To examine the
extent to which GnRH neuron dendrites were exposed to
blood-borne molecules, we injected the enzyme HRP (molecular weight 44,000) iv into six anesthetized adult male
mice. HRP is unable to cross the BBB, and iv injection has
been used in several studies to assess the integrity of the
BBB (23–25). Five or 25 min after injection, mice were
perfused with paraformaldehyde. In all six mice, histochemical analysis showed the presence of HRP within the
OVLT (Fig. 5A), median eminence, and base of the arcuate

nucleus (Fig. 5B) as well as subfornical organ (data not
shown). The remainder of the forebrain was completely negative for HRP staining as were the circumventricular organs
of saline injected mice (Fig. 5A). Curiously, the median eminence was labeled less than the arcuate nucleus, despite its
supposedly higher density of fenestrated capillaries (Fig. 5B).
When dual labeled for GnRH and HRP, a marked overlap
was found between the two signals in the OVLT and median
eminence/arcuate nucleus (Fig. 5). We found that HRP was
present in the OVLT as well as in the adjacent parenchyma
for up to approximately 100 m from the OVLT and that
this involved all GnRH neuron dendrites as well as cell bodies
located in this region (Fig. 5A). This indicates that all of the
GnRH elements in the OVLT itself and within a approximately 100-m radius will be exposed to molecules in the
peripheral circulation.
GnRH neuron dendrites in the OVLT respond
to kisspeptin
The neuropeptide kisspeptin is a potent activator of
GnRH neuron firing (26) and strongly stimulates the re-
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FIG. 3. Ultrastructural evidence for GnRH neuron dendritic elements in the OVLT. A, Representative GnRH neuronal element (shaded in red)
identified by silver-enhanced immunogold labeling in the OVLT. A and B, Both elements show dendritic characteristics of loosely arranged
microtubules and absence of vesicles. B, A GnRH-labeled dendrite in the OVLT targeted by a synapse (shaded in blue). C, GnRH neuronal element
(shaded in red) showing axonal characteristics of densely packed microtubules and containing dense core vesicles, some of which are silverenhanced immunogold labeled for GnRH. Fenestrations of a blood vessel in the vicinity are indicated by arrows. Scale bars, 1 m. bv, Blood vessel.

lease of GnRH (27). Interestingly, peripherally administered kisspeptin can elicit a GnRH-dependent increase in
LH secretion (27–29). The mechanism of this phenomenon is unclear, because kisspeptin cannot cross the BBB.
However, GnRH neuron dendrites in the OVLT could be
in a position to sense blood-borne kisspeptin. To investigate whether GnRH neuron dendrites within the OVLT

can respond to kisspeptin, we applied brief puffs (5 sec, 6
PSI) of 100 nM kisspeptin to the OVLT area only. A puff
of lower pressure but longer duration (compared with glutamate puffs) was chosen to maximize the strength of stimulation while maintaining the local confinement to the
OVLT area. This was able to induce a moderate increase
in the firing rate of 91% of GnRH neurons (n ⫽ 11, from

FIG. 4. GnRH neuron dendrites within the OVLT respond to glutamate. A, Camera-lucida picture of the dendritic tree of a single GnRH neuron
that responded to brief puffs of 1 mM glutamate. For clarity, the dorsal and ventral dendrites of this GnRH neuron have been color-coded red and
green, respectively. Numbers in circles indicate four sites of glutamate application, corresponding traces are shown in B. Inset shows a high-power
single-plane confocal image of the dendrite at site 3 bearing a spine (arrowhead). B, Puffs of 20-msec duration with 1 mM glutamate did not
evoke action currents in the GnRH neuron cell body when applied 60 m from the soma (number 1), whereas closer applications at 40 m evoked
firing (number 2). The dendrite at 150 m from the soma in the OVLT (number 3) responded reproducibly to glutamate, but responsiveness was
lost in more central areas of the OVLT (number 4). Scale bar, 50 m (A) and 2 m (inset). Dashed line in A outlines the OVLT.
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labeling for c-Fos (Fig. 7A) exactly as reported previously
(30). Dual-labeled GnRH neurons were identified throughout the rPOA but concentrated around the OVLT (Fig. 7B).
Although 66 ⫾ 4% of GnRH neurons located throughout
the POA expressed c-Fos, 86 ⫾ 5% of GnRH neuron cell
bodies located with 100 m of the OVLT were positive for
c-Fos.

Discussion

FIG. 5. Defining the extent of the BBB and diffusion from the OVLT.
A, Intravenously injected HRP (pseudocolored in red) appears in the
OVLT and also approximately 100 m beyond its borders within the
adjacent parenchyma. This includes all of the GnRH elements within
the OVLT as well as cell bodies and dendrites in the vicinity (green).
The inset shows the OVLT of a saline injected animal completely devoid
of HRP signal. B, The median eminence/arcuate nucleus region is
another confined area of HRP entry and diffusion. Scale bars, 100 m.
Arrowheads indicate labeled blood vessels. 3V, Third ventricle.

nine male and two female mice) that projected dendrites
into the OVLT (Fig. 6, A and B). Five neurons (45%) were
activated more than 2 SD above the baseline average. Because the elicited response and stimulus used was much
weaker than previously reported, we subsequently applied
100 nM kisspeptin in the bath for 1 min to confirm the
general responsiveness of the recorded neuron to kisspeptin (Fig. 6) (26). This treatment triggered a long-lasting
increase in firing in 78% of the cells tested (n ⫽ 9).
Do GnRH neurons with dendrites in the OVLT
participate in the GnRH/LH surge?
The induction of c-Fos is considered to be a good indicator of which GnRH neurons are involved in the
GnRH/LH surge mechanism (30). To examine whether
GnRH neurons with OVLT-directed dendrites might be
involved in this mechanism, we performed dual-labeling
for GnRH and c-Fos on rPOA brain sections from five
ovariectomized, steroid-primed female mice that had exhibited an LH surge (8.8 ⫾ 1.3 ng/ml LH). We then analyzed their brains focusing upon those GnRH neurons located within 100 m of the OVLT, because approximately
70% of these cells give rise to dendrites that project into
the OVLT (Fig. 2A). Dual-labeled cells exhibited brown
cytoplasmic staining for GnRH and black nuclear-located

We provide here evidence that adult GnRH neurons do
not necessarily have a simple bipolar morphology but,
rather, can exhibit complex, highly branched dendritic
trees. We also demonstrate that some GnRH processes in
the OVLT are dendritic in nature rather than axonal as has
been assumed previously. Most GnRH neurons with cell
bodies or dendrites located within approximately 100 m
of the OVLT were found to extend highly complex dendritic trees into the OVLT. We estimate this subpopulation of GnRH neurons to represent more than 20% of all
GnRH neurons located in the rPOA. Further, we show
that many of the GnRH-immunoreactive processes described in the OVLT are in fact dendrites and lie outside
the BBB.
The simple bipolar morphology of the GnRH neuron
has been recognized for several decades (6). The recent
ability to fill preidentified GnRH neurons in situ with
small molecular weight dyes has lead to the observation
that these bipolar GnRH neurons have remarkably long,
typically unbranched dendrites often extending over 1000
m (10, 12), a rather unique dendritic morphology within
the mammalian nervous system. We now report the surprising observation that a subpopulation of rPOA GnRH
neurons exhibits an incredibly complex dendritic tree with
multiple branches and irregular organization. Unlike
other features of GnRH neurons that are rather heterogeneous within the population (8), GnRH neurons with
complex dendrites show a tight topographical clustering
around the OVLT. Indeed, the complex dendritic trees of
these GnRH neurons appear to target the OVLT. This
relationship to the OVLT was emphasized by the repeated
observation of bipolar GnRH neurons extending simple
unbranched dendrites until nearing the OVLT whereupon
they start branching and send multiple processes into this
area. We show that this apparent “branch inductive zone”
exists within a 100-m radius around the OVLT. This
region is strikingly similar to the zone into which HRP was
able to penetrate and raises the intriguing possibility that
blood-borne factors may have a role in inducing and/or
maintaining this extensive dendritic branching in the
OVLT region.
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FIG. 6. GnRH neuron dendrites within the OVLT respond to kisspeptin. A, Trace of a GnRH neuron with dendrites in the OVLT during 5-sec puff of 100
nM kisspeptin in the OVLT (arrow) and bath application of 100 nM kisspeptin (KP, bar). The trace was high-pass filtered at 2 Hz to remove baseline
fluctuations. B, Histogram showing the number of recorded action currents in A in 30-sec bins. Applications of kisspeptin are indicated as in A.

The dense GnRH fiber plexus of the OVLT is a welldescribed feature of the GnRH neuronal system. On the
basis of immunocytochemical studies, it has been assumed
that this represented GnRH axons (31–33). To our knowledge, only one ultrastructural study of GnRH elements in
the OVLT has been undertaken, and this reported the presence of immunoreactive string-like varicosities interpreted
as axons (34). Using a GnRH⫹GFP immunocytochemical
labeling protocol, which enhances our ability to detect

FIG. 7. Activation of GnRH neurons around the OVLT during the
GnRH/LH surge. A, The image of a chromagen double label for GnRH
(cytoplasmic) and c-Fos (nuclear) in neurons (black arrows) located in
the dorsal cap of the OVLT within the 100-m zone at the time of the
GnRH/LH surge. B, Schematic of a representative coronal section
showing the locations of rPOA GnRH neurons with (filled diamond)
and without (unfilled diamond) nuclear c-Fos labeling. The OVLT is
shaded in gray, and a 100-m radius zone is indicated with a dashed
line. Scale bar, 20 m. AC, Anterior commissure.

GnRH neuron elements in ultrastructural studies (12), we
find here that GnRH/GFP-immunoreactive elements in
the OVLT of the GnRH-GFP mouse can exhibit axonal or
dendritic morphologies. Thus, as indicated by the ultrastructural studies, and more quantitatively by the confocal
studies, many of the GnRH processes in the OVLT are in
fact dendrites and not axons. In contrast to what has been
reported for axon terminals in the median eminence (7),
GnRH-immunoreactive elements in the OVLT were not
found here to be associated with blood vessels (34). We
note, however, that a comprehensive ultrastructural evaluation of the OVLT in different animal groups needs to be
undertaken to confirm this observation.
We have used the presence of spines, ultrastructural
analysis, and electrophysiology to show that the complex
neurites in the OVLT are dendritic in nature. However, it
remains curious that a wide array of classical markers of
different neuronal compartments has been negative in
GnRH neurons. This may result from their unusual origin
from the nasal placode (35) and suggests that structural
elements within GnRH neurons may be different from
other neuronal phenotypes.
The function of GnRH neuron dendrites in the OVLT is
not established as yet but can be inferred, in part, from their
morphology and location. We find evidence for multiple
spines, synapses, and fast responses to glutamate and kisspeptin demonstrating that GnRH neuron dendrites in the
OVLT are regulated by classical and peptidergic transmitters
in the normal manner. However, the unique aspect of these
complex dendritic trees is their presence outside the BBB. As
described previously (23), we show that large molecular
weight, blood-borne molecules are able to pass through the
capillaries of the OVLT and even disperse out into the adjacent parenchyma for distances up to 100 m. This indicates
that, in addition to dendrites within the OVLT, the more
medially located GnRH neuron dendrites and cell bodies in
the rPOA will also very likely be exposed to the constituents
of peripheral blood. Thus, GnRH neuronal elements in and
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around the OVLT will not only be regulated in the normal
manner by neurotransmitter inputs but also be able to monitor directly molecules circulating in the blood.
Of particular interest, we show here that kisspeptin
does not need to cross the BBB to activate GnRH neurons
as GnRH neuron dendrites in the OVLT respond to kisspeptin. As would be expected, the activation of GnRH
neuron firing observed after small puffs of kisspeptin onto
their dendrites in the OVLT was less potent than full activation of the GnRH neuron by bath application of kisspeptin. This observation may help explain the finding that
kisspeptin given into the periphery is able to activate LH
secretion despite its likely inability to cross the BBB (27–
29). Alongside the proposed action of kisspeptin at GnRH
nerve terminals in the median eminence (36, 37), this work
indicates that kisspeptin in the peripheral blood can also
act on GnRH neuron dendrites in the OVLT to stimulate
LH secretion.
To provide some initial information about the roles of
GnRH neurons with dendrites in the OVLT, we examined
whether they might be involved in the surge mechanism.
We find here that approximately 85% of GnRH neurons
with cell bodies located within 100 m of the OVLT express c-Fos at the time of the GnRH/LH surge. Because
approximately 70% of GnRH neurons in this area extend
dendrites into the OVLT, it seems reasonable to conclude
that the majority of GnRH neurons with dendrites in the
OVLT is activated at the time of the GnRH/LH surge and
likely contributes to the GnRH surge at the median eminence. Thus, many GnRH neurons contributing to the
GnRH/LH surge have their dendritic tree exposed to
blood-borne constituents.
The OVLT is well established as a key site in the regulation of body fluid homeostasis with OVLT neurons
responding directly to changes in blood osmolarity and
angiotensin (2, 3, 38). Neurons and glial cells within the
OVLT are also known to respond to cytokines such as IL-6
and TNF-␣ and play a role in the febrile response to inflammatory processes and stress (39 – 42). Although the
impact of disordered fluid homeostasis on GnRH neurons
is not known, it is evident that inflammatory cytokines act
to suppress the reproductive axis (43, 44). Mouse GnRH
neurons express a wide array of cytokine receptors (45),
and we now report here that the dendrites of these cells are
located in an established circumventricular organ known
to monitor directly circulating inflammatory cytokine levels. Previous investigations of circumventricular organs
have concentrated upon defining the effects of various
compounds on the electrical or biosynthetic activity of
neural and glial cell bodies within these structures (3). The
active targeting of dendrites into brain regions lacking a
BBB, as exemplified here for GnRH neurons, represents a
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previously overlooked mechanism through which the periphery would be able to modulate a much larger number
of neurons than previously suspected.
In summary, we report here that a subpopulation of
GnRH neurons in the rPOA has a much more complex
dendritic morphology than previously described and that
they direct highly branched, irregular dendritic trees into
the OVLT. These dendrites arise from GnRH neurons involved in the GnRH/LH surge mechanism and extend outside the BBB, where they are able to directly sense bloodborne molecules. This indicates a new mechanism for the
modulation of GnRH neurons that extends considerably
the range of factors that are integrated by these neurons for
the control of fertility.
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